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Abstract  
The Magdalena River Basin of Colombia has a globally relevant sediment flux, however, 
studies of the sediment regime in the basin are limited in scope. This knowledge gap limits 
application of understanding of sediment dynamics to hydropower decision making. To close 
this gap, we implemented a sediment budget framework to quantify the impacts of hydropower 
development in a 118,000 km2 portion of the Magdalena River basin. We informed this 
framework with analysis of background erosion rates derived from 10Be cosmogenic nuclides 
and modern sediment fluxes derived from monitoring and optical remote sensing. We 
standardized these data to spatially averaged denudation rates and found that background 
denudation rates range from 331 to 740 t km-2yr-1 with a mean of 571 ± 101 on tributaries and 
358 ± 45 on the mainstem. Meanwhile, modern denudation rates range from 206 to 3415 t km-
2yr-1 with a mean of 852 ± 804 on tributaries and 405 ± 206 on the mainstem. Averaged across 
sites, denudation rates were higher in tributary watersheds than on the mainstem Magdalena, and 
modern denudation rates were higher than background denudation rates, but these differences 
were not statistically significant. Modern sediment fluxes on the mainstem Magdalena increase 
moving downstream; however, at a site to reach scale, background denudation rates were higher 
than modern values. Over the past three decades, mainstem sediment fluxes have decreased 
despite the potential inputs from the 1985 Nevado del Ruiz eruption. To link our understanding 
of sediment dynamics to evaluation of dam impacts, we tested two end-member hydropower 
development scenarios with equivalent generating capacity and found that development on the 
mainstem would trap more sediment than on tributaries. Equivalent tributary development 
scenarios would require 2-9 dams with varied impacts on the downstream sediment balance. The 
data and framework that we present provide valuable information about sediment dynamics that 
can be used to inform hydropower decision making in Colombia and a pathway for decision 
making when long-term field-based monitoring data of sediment fluxes are not available. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 iii 
Acknowledgements 
 
I want to thank my advisor Andrew Wilcox for introducing me to work in the Magdalena 
and for pushing me to think more critically about my writing and how I engage with the 
literature. Over my time as a grad student, you have provided me with more opportunities than I 
could possibly take advantage of. I would also like to thank my committee Marco Maneta and 
Doug Brinkerhoff, for their support despite the mid-semester shutdown.  
This project would not have been possible without funding from UM BRIDGES, the 
PRIME lab seed grant program, the GSA student award and the Toelle Bekken award. 
One of my favorite things about UM Geosciences is the community. I think that almost 
every member of our department has contributed to my project in one way or another. I would 
specifically like to thank my lab mates Jordan Gilbert, Claire Gilder, Robin Welling, and Sam 
Box. 
My cosmogenic nuclide samples passed through at least five different labs; those include 
the geotechnical lab run by Alejandro Franco and Orlando Rincon at La Salle University in 
Bogota, Jean Dixon’s Lab at Montana State University, Julie Baldwin’s lab here at UM, Cliff 
Riebe’s lab at the University of Wyoming and PRIME Lab at Purdue University. Without 
immense technical support from Cliff and Jeannie, I would not have been able to complete this 
thesis. 
Carlos Rogeliz Prada, Siliva Lopez Casas and Diego Hincapie at the Nature Conservancy 
in Bogota played a key role serving as in-country partners and helping to get my project going. 
Numerous other people came to the rescue at just the right moment during my two months 
working in Colombia. 
Alisa Wade, Teresa Clark, Indy Singh, Karie Hyslop and many others helped make sure 
that I was able to get all the right support from the University and UM BRIDGES. 
I would also like to thank numerous instructors and mentors at the University of 
Washington and Palo Alto High School, who pushed me early on to master the fundamentals of 
being a scientist and of communicating in Spanish. 
Lastly, I would also like to thank my family and girlfriend for their never-ending support 
and encouragement. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 iv 
Table of Contents 
Abstract .................................................................................................................................. ii 
Acknowledgements ................................................................................................................ iii 
Table of Contents ................................................................................................................... iv 
List of Figures .......................................................................................................................... v 
List of Tables .......................................................................................................................... vi 
Introduction ............................................................................................................................ 1 
Study Area .............................................................................................................................. 3 
Data and Methods .................................................................................................................. 6 
Results .................................................................................................................................. 16 
Discussion ............................................................................................................................. 28 
Conclusion ............................................................................................................................ 33 
References ............................................................................................................................ 35 
Appendix A: Cosmogenic Nuclide Samples ............................................................................. 40 
Appendix B: Basin Characteristics for Cosmogenic Nuclide Sampled Basins ........................... 44 
Appendix C: Discharge and Sediment Flux Data from Monitoring .......................................... 45 
Appendix D: Remote Sensing Model Development ................................................................ 48 
Appendix E: Remote Sensing Model Evaluation ..................................................................... 50 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 v 
List of Figures 
Figure 1: Study area is situated within Colombia between the Central and Eastern Cordillera. 
(A) Study area map including 10Be cosmogenic nuclide sample sites and data availability for 
samples; (B) Location of existing (operational) hydropower and proposed hydropower within the 
study area. ...................................................................................................................................... 5 
Figure 2: Representative field photos, river is several 10’s of meters wide in images, note dark 
water color and minimal overhanging vegetation. (A): mainstem Magdalena River north of 
Neiva (10Be sample RM2); (B): Rio Coello near Chicoral (10Be sample RC1); (C): Rio Saldana 
near 10Be sample site SAL1; (D): mainstem Magdalena River below Betania Dam ..................... 7 
Figure 3: Location of gauging stations on the mainstem Magdalena River; periods of record for 
each station are shown in Tables C2 and C3. Two hydroelectric dams that may affect 
downstream sediment fluxes, Betania (completed 1987) and El Quimbo (completed 2015), are 
also shown. Green dots represent potential entry points for sediment from the 1985 eruption of 
Nevado del Ruiz, following Pierson et al. (1990) and Naranjo et al. (1986). .............................. 10 
Figure 4: Conceptual sketch of hydropower development in the study area. Development 
scenarios we evaluated range from a series of tributary dams (left) to a single mainstem dam at 
the downstream end (right) with an equivalent electricity generation capacity. .......................... 15 
Figure 5: Background erosion rates (A): 10Be cosmogenic nuclide derived erosion rates. 
Tributary erosion rates are higher than on the mainstem; (B): Slope in the study area, showing 
very steep slopes in the Central and Eastern Cordilleras and lower gradients along the mainstem 
valley; (C): Slope vs Erosion Rate; (D): Distribution of erosion rates across regions, lithologies 
and landcovers. ............................................................................................................................ 17 
Figure 6: Erosion rate and selected predictors. Boxed number is R2 value for a simple linear 
regression with the predictor and erosion rate. Slope is the best predictor of erosion rates. ........ 18 
Figure 7: Time series of mean annual discharge and suspended sediment concentration on 
mainstem gauge sites. Sediment loading declines over the time series while discharge remains 
similar across the time period. Vertical lines represent the Nevado del Ruiz Eruption (13 
November 1985; N) and completion of Betania Dam (1987; B). ................................................ 21 
Figure 8: Comparison of modern and background denudation rates: (A) lumped by either 
mainstem or tributary sites; number of sites or samples in each category is noted below; (B) 
plotted versus drainage area; error bars set to analytical uncertainty in 10Be cosmogenic nuclide 
measurements and a general value of 15% uncertainty for sediment loading observations from 
stream gauge stations where, 5% is from Q and is 10% from Qs (World Meteorological 
Organization 2006). Two tailed t-tests indicate that differences between modern and background 
rates are not significant. ............................................................................................................... 23 
Figure 9: Monthly values for discharge and SSC derived from monitoring and satellite data. 
Boxes show correlation coefficient of mean monthly SSC values from monitoring and satellite 
data. Satellite- and monitoring-derived SSC values often show a lag. ........................................ 26 
Figure 10: Error analysis of modeled mean annual SSC on annual basis, relative error increases 
with time and is inversely proportional to the total number of observations. (A): Mean relative 
error and total number of observations over study period; (B): Mean relative error for each 
station over study period .............................................................................................................. 27 
Figure 11: Tributary scenarios with equivalent hydropower capacity to a large mainstem site 
have a wide range of impacts. Individual points represent the characteristics of a single tributary 
scenario consisting of several tributary dams, colors represent three iterations of random 
 
 vi 
selection process. Only scenarios with total energy units equal to within 10% of mainstem 
scenario are shown. ...................................................................................................................... 28 
Figure 12: Modern and background denudation rates for the Magdalena River Basin and other 
studies of a similar scale in the tropical Andes. Data point set to mean for each category and 
error bars set to standard deviation. The range of values overlaps in all the studies included. 
Results presented here show higher (but not statistically significant) modern denudation rates 
which agree with Vanacker et al. (2007) and Wittmann et al. (2011b) and contrast with 
Wittmann et al. 2011a. ................................................................................................................. 32 
 
 
 
 
 
List of Tables 
Table 1: Sample details for cosmogenic nuclide-derived erosion rates; sample locations are 
illustrated in Figure 5a. ................................................................................................................ 16 
Table 2: Adjusted R2 results for relationship between relief, mean annual precipitation (MAP), 
and erosion rates, for both the full dataset and independent samples .......................................... 19 
Table 3: Collinearity between controls on erosion rates ............................................................. 19 
Table 4: Change in suspended sediment concentrations (SSC) between pre-1985 and 2005–2015 
for five Magdalena River gauging stations. ................................................................................. 20 
Table 5: Change in sediment flux following discrete events, compared to 1975 – 1985 reference 
period. .......................................................................................................................................... 20 
Table 6: T-test between lumped modern and background denudation rate data ......................... 22 
Table 7: Performance of selected remote sensing models ........................................................... 24 
Table 8: Coefficients of selected remote sensing model: B3+B4/B2+Discharge+Runoff, as 
shown in Table 7 .......................................................................................................................... 24 
Table 9: Sediment trapping by hydropower development scenarios ........................................... 27 
 
 
 
 1 
Introduction 
 
Tropical rivers are at the global forefront of the drive for hydropower development and 
associated dams (Grill et al. 2015; Zarfl et al. 2014; Finer and Jenkins 2012; Latrubesse et al. 
2017). This necessitates a better understanding of the physical processes in these river systems 
(Latrubesse et al. 2005; Syvitski et al. 2014). Tropical rivers, in a broad sense, occur between 
approximately 23.5° north and south latitude, although a stricter definition is limited to areas 
where the coldest months have temperatures above 18°C and a local climate that is strongly 
influenced by the Inter-tropical Convergence Zone (ITCZ) (Latrubesse et al. 2005; Syvitski et al. 
2014).   
The hydrology and mechanics of tropical river systems differ greatly across the world 
and from temperate rivers (Latrubesse et al. 2005; Syvitski et al. 2014). Major hydrologic 
differences include a high level of precipitation and seasonally variable discharge. Whereas some 
tropical river systems tend to have a unimodal flood peak (e.g., the Mekong and Ganges), 
systems more influenced by the migration of the ITCZ are characterized by a bimodal peak (e.g., 
the Magdalena and Congo) (Latrubesse et al. 2005), with two sets of wet and dry seasons, one 
pair of which is more intense than the other. Many tropical rivers carry a relatively large 
sediment load to the ocean (Syvitski et al. 2014). Warm tropical climates are associated with 
accelerated biogeochemical systems, resulting in increased weathering rates of soil and its source 
rock (Syvitski et al. 2014). Additionally, abundant vegetation in tropical regions can influence 
bank strength and, ultimately, the mobility of bank material (Gurnell 2014; Jansen and Nanson 
2010). Measuring basin-scale transport phenomena in tropical rivers is difficult, however, 
because of the limited history of monitoring and the fact that longer rivers and their tributaries 
may pass through several different geographies, climate zones and varied levels of human 
development on their path from headwaters to the ocean.  
The impacts of hydropower development on the sediment regime of tropical rivers are 
not well documented. Using a sediment budget to quantify sediment dynamics at a range of 
spatial and temporal scales provides a framework for understanding river-system changes and 
response to dams. A sediment budget is an accounting or mass balance of all sediment inputs to 
(I) and outputs from (O) a river and the change in sediment storage (∆S) as a result of natural and 
human activities (I-O=∆S) (Dietrich et al. 1982). Large dams block sediment flux through river 
systems at a predictable rate related to dam design and operation (Vörösmarty et al. 2003; 
Kondolf et al. 2014). This fragmentation causes degradation of the downstream channel due to 
the lack of sediment for maintaining aquatic habitat, nutrient cycling and natural channel 
maintenance (Wohl et al. 2015; Schmidt and Wilcock 2008; Ligon et al. 1995). 
The Magdalena River Basin (MRB), Colombia (Figure 1), exemplifies many issues at the 
intersection of hydropower development and fluvial processes. Previous studies of the sediment 
regime in the MRB suggest that it has one of the largest basin-average sediment fluxes in the 
world. Estimates based on modeling and limited monitoring data suggest a mean annual 
sediment flux of 145± 47 Mt yr-1 and a discharge of 238 km3yr-1 to the Caribbean Sea, which 
translates to a mean specific sediment yield of ~563 t km-2 yr-1 and a mean annual runoff of 924 
mm yr-1 (Higgins et al. 2016). However, studies of the sediment regime in the basin are limited 
in scope. 
The MRB’s high topographic relief and ample precipitation produce not only large 
sediment loads but also create a vast potential for hydropower development. Electricity demand 
in Colombia is predicted to increase between 105% and 147% by 2050, and numerous 
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hydroelectric dams have been proposed or are in construction to meet this demand (Angarita et 
al. 2018; UPME 2015). Hydropower development has focused on the mountainous areas of the 
basin along the mainstem Magdalena, its largest tributary, the Cauca River, and a range of 
smaller tributaries in the Central, Eastern and Western Cordilleras. Understanding of the baseline 
sediment dynamics of the areas targeted for hydropower development, and of how sediment 
dynamics may affect and be affected by existing and proposed hydropower projects, is 
incomplete, however, limiting the potential for data-driven decision-making about river 
management in the MRB.  
 
Research Objectives 
In this study, we characterize sediment dynamics in the MRB at a range of spatial and 
temporal scales and apply a sediment budget framework to investigate the impacts of 
hydropower development on the sediment regime. Specific research questions include: 
 
Q1: What are the background erosion rates within the MRB and how do these vary across 
tributary watersheds and along the mainstem?  
Q2: What is the modern sediment flux through the mainstem Magdalena River? How does this 
vary temporally and spatially?  
Q3: How will future hydropower development on the mainstem Magdalena and its tributaries 
impact longitudinal sediment fluxes?  
In addressing these questions, we expand our understanding of geomorphic processes in rapidly 
developing mountainous tropical river basins by testing the following hypotheses:  
H1: Modern sediment fluxes in the MRB are higher than background fluxes.  
H2: Precipitation and relief explain basin-scale background erosion rates in the MRB. (cf. 
Restrepo and Syvitski (2006), Restrepo et al. (2006), and Restrepo and Restrepo (2009))  
H3: A single large dam on the mainstem Magdalena will have a greater impact on downstream 
sediment fluxes than a series of dams on tributaries with an equivalent electricity-generating 
capacity. 
To address the proposed research questions and hypotheses, we aggregate multiscale data 
on basin characteristics, hydropower development, and fluxes of water and sediment. Data 
representing fluxes of water and sediment were aggregated using analysis of existing monitoring 
datasets, remote sensing and 10Be cosmogenic nuclides. We use the aggregated sediment flux 
data in a sediment budget framework to investigate the downstream sediment impacts of 
hydropower development on the mainstem Magdalena as compared to development on 
tributaries. To simulate-end member scenarios of these two styles of hydropower development, 
we adapt a metric of hydropower potential at a collection of sites. We select combinations of 
tributary sites with a cumulative potential equivalent to a single mainstem site, calculate the 
potential downstream reduction in sediment for each, and use this to develop a range of values 
for hydropower impacts.   
 
 3 
Study Area 
Our work has focused on the mainstem Magdalena and tributaries upstream of the gauge 
site at San Pablo, a geographic scope chosen to focus on the areas of the basin with potential for 
hydropower development (Figure 1). Within our study area, the mainstem Magdalena River 
flows northward from its origin in southern Colombia at approximately 1.9º North towards the 
Caribbean Sea between the Central and Eastern Cordilleras. The 118,000 km2 study area is 46 % 
of the MRB’s total drainage area. The geography of the study area ranges from steep headwater 
areas in southern Colombia to broad valleys of the middle Magdalena River. Elevations range 
from 60 m above sea level at the downstream end (San Pablo) to over 5000 m; the median 
elevation of the study area is 1400 m. The downstream reaches of the basin consist of broad 
floodplains surrounded by steep mountain ranges, while narrow valleys and canyons characterize 
upstream reaches. Numerous large tributaries with hydropower potential drain into the mainstem 
Magdalena. Several tributaries have been affected by large hydropower sites, including the Rio 
Sogamoso, Rio Prado and Rio La Miel. Hydropower development has occurred on the mainstem 
Magdalena with the completion of the 540 MW Betania Dam in 1987 and 400 MW El Quimbo 
Dam in 2015 (CORMAGDALENA 2013; ESEE 1979 as cited in TNC data collection, Figure 1). 
Mean annual precipitation ranges from 660 to 5000 mm yr-1 with a mean of 2000 mm yr-1 
(Funk et al. 2015). The mean annual temperature across the basin is 20º C, with a maximum of 
29º C (Hijmans et al. 2005). Lithology of the study area is primarily sedimentary units in the 
mainstem Magdalena valley and Eastern Cordilleras and primarily igneous intrusive and 
metamorphic in the Central Cordillera (Gómez et al. 2015). Landcover is primarily forest and 
other types of vegetation cover, with agriculture concentrated in the middle mainstem Magdalena 
valley and the Eastern Cordillera; urban landcover is primarily in the Bogota region (Buchhorn et 
al. 2019). 
Studies of sediment dynamics in the MRB have primarily focused on synthesizing 
monitoring data, from selected tributaries and downstream of the Mompox Depression at the 
Calamar gauge station (Figure 1), to quantify magnitude and variability of discharge and 
sediment flux (e.g. Higgins et al. 2016; Restrepo et al. 2017; Restrepo and Escobar 2016) and 
link these to climate cycles (e.g. Restrepo and Kjerfve 2000). On annual timescales, oscillation 
of the ITCZ results in a bimodal discharge regime in much of the MRB with peaks occurring in 
April-May and October-November; the discharge regime grades into a unimodal pattern with a 
peak in June-August for the southern reaches of the basin (Poveda et al. 2011; Angarita et al. 
2018; IDEAM 2015). On multiannual timescales, El Niño-Southern Oscillation (ENSO) 
influences discharge and sediment load. The warmer El Niño phase is linked to lower stream 
flows, while the colder La Niña phase is associated with the opposite (Poveda et al. 2011; 
Gutiérrez and Dracup 2001). Approximately 54% of interannual variability in suspended 
sediment load at Calamar is attributed to ENSO (Restrepo and Kjerfve 2000). 
Models and observations suggested increases in erosion rates in recent decades in the 
MRB as a result of changing land-use practices. For example, deforestation is attributed to 
approximately 9% of the sediment load in the basin (Restrepo et al. 2015; Restrepo and Escobar 
2016a); mining and agriculture have also influenced sediment loads (Restrepo and Syvitski 
2006). Analysis of suspended-sediment monitoring data from selected tributaries has found that 
precipitation and relief, or more generally topography and climate, explain variations in sediment 
yields in the MRB (Restrepo and Syvitski 2006; Restrepo et al. 2006; Schmitt et al. 2018). 
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Volcano eruptions also periodically influence sediment dynamics in the MRB. For 
example, the Nevado del Ruiz eruption on 13 November 1985, introduced a large quantity of 
sediment to the mainstem Magdalena (Pierson et al. 1990; Naranjo et al. 1986, Figure 3). Lahar 
material was routed towards the mainstem Magdalena through the Guali and Lagunillas rivers. 
In the MRB, modeling has shown that future hydropower development negatively 
impacts connectivity and fluxes of water and sediment. Baseline hydropower development plans 
could decrease sediment fluxes to the Mompox Depression by 39% and reduce longitudinal 
connectivity of migratory fish spawning habitat by 55%, while additional development could 
result in much larger reductions (Angarita et al. 2018). Individual reservoirs on the mainstem 
Magdalena and large tributaries trap between 90% and 99% of the sediment flux at that specific 
location (Mayorca Torres and Muñoz Lizarazo 2017; García 2017), based on estimates using the 
Brune (1953) reservoir trap efficiency equation. Meanwhile, analysis of sediment gauging data 
finds sediment trapping of between 81% and 86% (Mayorca Torres and Muñoz Lizarazo 2017). 
Sediment dynamics in the MRB can be contextualized by comparison to erosion-rate data 
from elsewhere in the region. Analysis of 10Be cosmogenic nuclides in fluvial sediments 
provides a tool for quantifying basin-scale, spatially average erosion rates over 103 – 105 year 
time scales (Dixon and Riebe 2014; Granger and Schaller 2014). In the Eastern Cordillera of 
Colombia, background erosion rates in mountainous portions of the Orinoco and Magdalena 
drainages vary from 3.40± 0.68 to 650.52 ± 138.40 m Myr -1 or 9.01 ±1.80 to 1722.57±366.48 t 
km-2, based on 10Be cosmogenic nuclides (Struth et al. 2017). Analysis of cosmogenic nuclides 
in 35 watersheds in Panama found elevated erosion rates as a result of tectonics; however, 
erosion rates were not correlated with topographic metrics and only weakly correlated with 
climate variables (Sosa Gonzalez et al. 2016b). Cosmogenic nuclide-derived erosion rates in 
southern and southeastern Brazil are strongly controlled by basin-average slope and partially 
influenced by climate and lithology (Sosa Gonzalez et al. 2016a).  
Sediment fluxes derived from cosmogenic nuclide-derived background erosion rates in 
the Brazilian Amazon and the Ecuadorian Andes are lower than modern sediment fluxes 
(Wittmann et al. 2011b; Vanacker et al. 2007). In the Brazilian Amazon, comparison of 
background sediment fluxes to modern sediment fluxes derived from gauging at the basin outlet 
to the Atlantic found that background erosion rates are slightly below modern rates (Wittmann et 
al. 2011b). Meanwhile, in the Ecuadorian Andes, background erosion rates are compared with 
modern sediment fluxes derived from reservoir sedimentation measurements to find that modern 
sediment fluxes are orders of magnitude larger (Vanacker et al. 2007). 
Modeling of six hydropower projects in the Andean headwaters of the Amazon predicted 
a 64% reduction in sediment supply, as well as impacts on aquatic ecosystems and greenhouse-
gas emissions from newly formed reservoirs (Forsberg et al. 2017). In the Paraná River, Brazil, 
hydropower development and flow regulation have altered channel morphology, including a 
reduction in suspended sediment concentration, coarsening of bed material and changes in 
ground to surface water interaction that increased bank erosion (Stevaux et al. 2009).  
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Data and Methods 
 
10Be Cosmogenic Nuclide-Derived Background Erosion Rates 
 
Cosmogenic nuclides provide a tool for dating sediment on 103 – 105  year timescales 
(Dixon and Riebe 2014; Granger and Schaller 2014) that has been widely applied in landscape 
evolution studies (Codilean et al. 2018; Portenga and Bierman 2011). Basin-scale, spatial 
average erosion rates can be measured using analysis of 10Be concentrations from well-mixed 
sediment samples taken at the outlet of sufficiently large basins (Wittmann et al. 2011b; Yanites 
et al. 2009; Granger et al. 1996). We used cosmogenic nuclide analysis of a small number of 
sites in the MRB to provide information about the spatial variability of background erosion rates, 
thereby addressing Q1, and a baseline from which to understand how sediment fluxes may have 
shifted following changes in land use and hydropower development (Granger and Schaller 2014; 
Granger et al. 1996). 
We sampled a range of mainstem and tributary sites in a stratified arrangement to provide 
spatial variability across the study area, targeting lithologies with sufficient quartz-bearing rock 
for 10Be analysis (Appendix B, Figures 1 and 2). Tributary sample sites were identified near 
basin mouths and in additional upstream locations when possible. Mainstem sample sites were 
identified at strategic locations capturing a range of tributary inputs and potential dam impacts. 
Exact sampling locations were selected based on accessibility and the presence of large deposits 
of fluvial sand on riverbanks, exposed bars, or on the riverbed in wadable reaches. Locations 
were also selected to avoid areas where cosmogenic nuclide concentrations could have been 
altered by mixing with relatively younger sediments introduced by tributaries, landslides, 
volcanic eruptions, or significant human disturbances; backwater areas near tributary junctions or 
in reservoirs; and sites directly below dams (Figure 2). 
Bulk samples of approximately 2 to 5 kg were collected at 14 sites and represented a 
spatial average of the material present that appeared to have been recently deposited or worked 
by fluvial processes. Sampling locations were documented and geotagged using a smartphone in 
the field (Figures 1 and 2). We followed standard sample preparation methods with adaptations 
based on guidelines for imported sand samples and a high concentration of magnetic minerals in 
several samples (See Appendix A). Quartz was isolated using the standard procedures described 
by Kohl and Nishiizumi (1992); quartz dissolution, elemental separation and Be extraction was 
completed following the procedures used by the University of Wyoming laboratory group as 
described in Callahan et al. (2019). One full process blank was included to correct for 
background Be. Eight sample targets were prepared and packed following standard procedures 
and AMS analysis occurred at Purdue PRIME. Data for the remaining six samples were not 
available at the time of thesis completion. 
We calculated erosion rates using the method and ArcGIS toolbox presented by Charreau 
et al. (2019) and the Stone (2000) scaling model (See Appendix A for 10Be concentration 
calculations) . We selected this method because it scales cosmogenic nuclide production rates on 
a cell-by-cell basis, accounting for the range of latitudes and elevations in our study area. We 
also calculated erosion rates using the Stone (2000) scaling model with the CRONUS online 
calculator version 3 (Balco et al., 2008, https://hess.ess.washington.edu/) using the approach of 
Portenga and Bierman (2011), to facilitate comparison with existing studies (Appendix B).  
We supplemented our dataset with two erosion-rate measurements for the Rio Sogamoso 
basin from Struth et al. (2017) that met our sample site criteria. Sample locations and 10Be 
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concentrations were accessed via the OCTOPUS database (Codilean et al. 2018), and we present 
the Struth et al. (2017) data along with our data for erosion rate calculations.  
 
 
 
Controls on Background Erosion Rates 
 
To evaluate the influence of various basin-scale controls on erosion rates, we measured a 
set of characteristics for the basins upstream of each cosmogenic-nuclide sampling site using 
ArcGIS, digital elevation models (DEMs), and Google Earth Engine (GEE). The upstream area 
for each sample site was delineated using the WhiteboxTools toolbox in ArcGIS (Lindsay, 2016, 
https://github.com/giswqs/WhiteboxTools-ArcGIS) and DEMs derived from the ALOS 
PALSAR dataset available from the Alaska Satellite Facility (ASF). Basin characteristics were 
summarized in GEE using the basin outlines and exported as a data frame for analysis in Python 
(basin characteristics plotted in Appendix B).   
Basin-average slope and relief were calculated to summarize basin topography. 
Topographic information was derived from the ALOS World 3D - 30m (AW3D30) dataset 
(Tadono et al. 2014), slope was calculated at a 30m scale and relief was defined as the difference 
A 
 
B 
 
C 
 
D 
 
Figure 2: Representative field photos, river is several 10’s of meters wide in images, note dark water color 
and minimal overhanging vegetation. (A): mainstem Magdalena River north of Neiva (10Be sample RM2); 
(B): Rio Coello near Chicoral (10Be sample RC1); (C): Rio Saldana near 10Be sample site SAL1; (D): 
mainstem Magdalena River below Betania Dam 
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between maximum elevation and median elevation. Mean annual precipitation (MAP) was 
derived at a horizontal scale of 0.05° between 1981 and 2019 from the Climate Hazards Group 
InfraRed Precipitation with Station (CHIRPS) dataset (Funk et al. 2015). Mean annual 
temperature (MAT) was derived at a 1km horizontal scale between 1960 and 1991 from the 
WorldClim V1 dataset (Hijmans et al. 2005). Landcover data was derived from the Copernicus 
Global Land Service (CGLS) for 2015 at a horizontal scale of 100m (Buchhorn et al. 2019). 
Percent cover of discrete landcover types was calculated for each basin and aggregated to broad 
categories. 
Lithology was summarized based on a 1:500000 national scale geologic map from the 
Colombian Geologic Survey (SGC) (Gómez et al. 2015), that was uploaded to GEE. Following 
the example of Sosa-Gonzalez et al. (2016b), geologic maps of the study area were broadly 
categorized into igneous intrusive, sedimentary, metamorphic and volcanic lithologies and the 
percent cover for each type was calculated using GEE. 
Simple linear regressions and multiple linear regressions were used to investigate how 
well basin characteristics explained basin-scale erosion rates. Regression analysis was conducted 
in Python 3 using the statsmodels package (Seabold and Perktold 2010). Predictors were grouped 
into categories including topography, climate, lithology and land use to limit autocorrelation and 
select a group of independent variables among the basin-scale variables. The best predictor in 
each category was selected for use in the resulting multiple linear regression models. As a final 
check on each variable’s independence, the correlation coefficient between each selected 
variable was calculated using the pandas package in Python 3. 
We evaluated the strength of the relationships between erosion rates and explanatory 
variables, thereby addressing H2, using R2 and Adjusted R2 values. R2 was selected because of 
its use in other studies of this nature (e.g. Portenga and Bierman 2011). Adjusted R2 (Adj. R2) 
was selected as an alternative to R2 because it accounts for and penalizes against unnecessary 
explanatory variables that would spuriously increase the R2 value. 
Many samples have overlapping upstream areas that integrate the same basin 
characteristics (e.g. SAL2 is a subset of SAL1; both are a subset of RM7). Because of this, the 
dataset was analyzed as a whole, considering each sample independently (Full Dataset) and again 
considering the subset of the most downstream samples that did not overlap (Independent 
Samples). 
 
Modern Sediment Fluxes and Comparison to Background Erosion Rates 
 
To characterize modern sediment fluxes in the MRB (Q2), a time series of monitoring 
data was located and downloaded for all available gauge sites operated by the Colombian 
environmental agency IDEAM on the mainstem Magdalena River using DHIME 
(dhime.ideam.gov.co), capturing a multidecade period of record for modern sediment dynamics. 
Sites were categorized as discharge-only or having data on discharge and suspended sediment 
concentrations (SSC) (Figure 3, Appendix B and C). Discharge data were available from a range 
of 1936 to 2019 (Table C2), while suspended sediment data were available from 1971 to 2018 
(Table C3). At each site, we calculated the average annual discharge (Q) and sediment loading 
(Qs). At discharge-only sites, the mean annual discharge was calculated in km3yr-1. Individual 
observations were weighted by day of year (DOY) to avoid bias introduced by nonrandomly 
distributed gaps in data. Discharge-only stations with less than 10 years of data were removed to 
avoid bias from the cumulative effects of climate cycles. At sites with more than 1000 
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observations (~3 years) of both Q and SSC, a daily time series of Qs, the product of Q and SSC, 
was created. We calculated a mean annual sediment flux weighted by DOY for each station. We 
supplemented these data with published compilations of tributary discharge and sediment 
loading in the MRB (e.g. Kettner et al. 2010; Restrepo et al. 2006a; Latrubesse and Restrepo 
2014). 
For five gauging stations with SSC data extending to before 1985, we analyzed trends in 
modern mainstem sediment loading at the annual- to decadal-scale with the available monitoring 
data (Figure 3). We aggregated monitoring data to mean annual SSC to separate trends in 
sediment loading from climate-driven discharge variability. We compared pre-1985 data to the 
2005–2015 period. The timescale of this analysis was organized by the timing of two discrete 
events that likely altered sediment fluxes: the eruption of Nevado del Ruiz in 1985 and the 
completion of Betania Dam on the mainstem Magdalena in 1987.  
We also compared the monitoring-based modern sediment fluxes to the background 
erosion rates determined using cosmogenic nuclides. Fluvial sediment fluxes measured at 
gauging stations were converted to mass fluxes (t yr-1), using an assumed sediment density of 
2.65 g cm-3, and then to a spatially averaged denudation rate (t km-2yr-1) based on the drainage 
area upstream of each monitoring station. Cosmogenic nuclide-derived erosion rates were 
similarly converted to t km-2yr-1 based on the same assumed sediment density of 2.65 g cm-3 and 
the upstream area of the sample site. 
To test the hypothesis that modern sediment fluxes are higher than background sediment 
fluxes (H1), we lumped denudation rate estimations into groups of modern and background 
values for tributaries and the mainstem. We conducted a series of two-tailed t-tests between these 
groups and other data from studies that compare modern and background erosion rates in the 
tropical Andes using the python package pingouin (Vallat 2018). In our evaluation of the results, 
we considered a null hypothesis that there was no difference between background and modern 
denudation rates. We used a two-tailed t-test because either modern or background sediment 
fluxes could be higher.  
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Figure 3: Location of gauging stations on the mainstem Magdalena River; periods of record for each 
station are shown in Tables C2 and C3. Two hydroelectric dams that may affect downstream sediment 
fluxes, Betania (completed 1987) and El Quimbo (completed 2015), are also shown. Green dots represent 
potential entry points for sediment from the 1985 eruption of Nevado del Ruiz, following Pierson et al. 
(1990) and Naranjo et al. (1986). 
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Remote Sensing of Suspended Sediment 
 
To extend the spatial and temporal coverage of ground-based sediment-flux monitoring 
data in the study area, evaluate the quality of existing monitoring data, and investigate the 
linkages between suspended sediment and remotely sensed parameters in the MRB, a series of 
remote sensing models was developed and calibrated. Remote sensing of sediment dynamics 
using optical satellite imagery represents a promising alternative and complement to ground-
based measurement for directly observing sediment loading in rivers (Dethier et al. 2020). 
Landsat surface reflectance (SR) has global coverage, spans several decades of regular 
observations, and is freely available and easily manipulated in GEE. Landsat 5 was selected as 
the source of remote sensing data for this study because its mission from 1984 to 2012 overlaps 
with the available monitoring data, and its 30m horizontal resolution is sufficient to capture the 
width of the mainstem Magdalena in the study area. Other work (e.g. Dethier et al. 2019, 2020; 
Markert et al. 2018) (Dethier et al., 2019; Markert et al., 2018) has integrated observations from 
Landsat 7/8 and other optical missions such as MODIS. For this study, Landsat 5 provides 
enough training data points while simultaneously avoiding complications such as variation in 
performance between sensor specifications or a mismatch of horizontal resolutions. The filtering 
methods required to adapt the horizontal resolution of MODIS to capturing the river channel in 
the study area were beyond the scope of this study. 
For the mainstem Magdalena River, we aggregated a catalog of spatially and temporally 
representative ground-based monitoring and optical remote sensing data. In the MRB, factors 
limiting data availability included the infrequency of cloud-free satellite imagery, as well as the 
number and spatial extent of suspended-sediment gauging stations. Suspended sediment 
observations from gauging stations vary on average by less than 1 percent on a day-to-day basis, 
but because they could vary by as much as 149%, only remote sensing and monitoring data from 
the same day were used in subsequent analysis. 
Gauge sites on the mainstem Magdalena River were selected based on their potential to 
provide quality training data. Sites were selected based on criteria including a multiyear catalog 
of discharge and SSC measurements that overlap with available satellite remote sensing data and 
a river channel that is wide enough to be visible at the 30m scale of LandSat imagery. Daily 
mean discharge and SSC data for seven stations, covering a period from 1971 to 2018, were 
downloaded using the DHIME tool and used in the analysis described below. 
Each of the seven selected gauge sites (Appendix D) was located with GEE using the 
latitude and longitude coordinates available in the DHIME metadata. We relocated these points 
to the center of the river channel. A 500m buffer was created around each station, and the mean 
of each Landsat band was calculated for each station within this buffer in every available image 
using the reduceRegion function in GEE (cf. Dethier et al. 2019). These data, along with 
attributes such as the imagery date, station name and number of pixels used, were exported for 
further analysis using Python packages. 
Preprocessing of each source image was completed within GEE and included masking of 
clouds, extraction of river channel pixels, and filtering of other artifacts. The result of this was a 
stack or time series of images that only included channel water pixels at each station. We 
removed cloud contamination using a method described in the GEE documentation where pixels 
are filtered based on the Landsat “pixel_qa”, generated with the CFMask Algorithm in GEE. We 
masked Pixels marked as having high cloud confidence or cloud shadow in each image. 
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The stream channel was extracted from each image using a method adapted from Zhou et 
al. (2018 Supplemental information), where pixels are identified as channel water when the value 
of Modified Normalized Difference Water Index (mNDWI) is greater than Normalized 
Difference Vegetation Index (NDVI). For each image, mNDWI is the normalized difference of 
the green (B2) and shortwave infrared (B5) bands, and NDVI was calculated as the normalized 
difference of the near infrared (B4) and red (B3) bands. 
Artifacts that persisted following image preprocessing were resolved by masking out 
pixels where bands 1-5 and 7 are exceptionally high. Finally, images with less than 9 remaining 
pixels were removed, resulting in 191 unique data points. 
 
Remote Sensing Model Development and Evaluation 
 
A series of semi-empirical models of increasing complexity was calibrated and tested 
using the catalog of monitoring and remote sensing data described above, to evaluate the 
linkages between suspended sediment and remotely sensed parameters in the MRB (Appendix 
E). Efforts focused on developing parsimonious models and testing their power for spatial and 
temporal extrapolation. Three variants on R2 were used as the primary metric of model 
performance, each of which tests a different quality of the model and measures the proportion of 
variation in the dependent variable (SSC) that is explained by SR and other independent 
variables. The first metric is the Adjusted R2. The second metric, R2 CV, is a measure of the 
temporal extrapolation of the selected models and was calculated as the mean R2 value from 
series of ten cross-validations on each model, with a 25% random holdout (Hastie et al. 2008). 
This cross-validation may also be referred to as a Shuffle Split cross-validation and was 
accomplished using the train_test_split function in scikit-learn. The third metric, R2 LOSOCV, is 
a measure of the spatial extrapolation of the selected models and is a variant on a Leave-One-Out 
Cross-Validation (LOOCV). Here this is referred to as the R2 Leave-One-Station-Out Cross-
Validation (LOSOCV) and is calculated as the mean R2 value from a series of cross-validations 
on each model, where the training data from one station was held out. A series of increasingly 
complex linear regression models was evaluated to understand the linkage between monitoring 
and SR data. 
A range of bands, band ratios and indices have been proposed as predictors of turbidity 
and suspended sediment loading (Gholizadeh et al. 2016). Work in tropical river systems has 
linked field-based observations to SR variables, using various combinations of red, green, blue, 
near infrared, and shortwave infrared wavelengths (e.g. Cremon et al., 2020; Dethier et al., 2019; 
Markert et al., 2018; Montanher et al., 2014; Pham et al., 2018). 
We evaluated the predictive power of each band, band ratio and index in a series of 
simple linear regressions (SLR) using the linear regression function in scikit-learn (Pedregosa et 
al. 2011). In some cases, Landsat band ratios where the numerator and denominator are reversed 
have been presented as unique predictors. Preliminary analysis in the MRB has shown that these 
combinations of ratios have equal predictive power with regression coefficients of opposite sign. 
To avoid collinearity effects of these variables in further analysis, the band ratio that yields a 
positive coefficient was selected. 
In our analysis, we included various normalized indices for suspended sediment 
concentration proposed in several studies. These indices include the Normalized Suspended 
Material Index (NSMI) (Montalvo 2010) and the Normalized Difference Suspended Sediment 
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Index (NDSSI) (Hossain et al. 2010). These indices make for straightforward interpretation with 
positive or negative values corresponding to sediment-laden water. 
Data points were weighted such that each combination of month and station is weighted 
equally to balance the variation in the frequency of observations across stations and time of year. 
For each band and band ratio, SLR was calculated with the log-transformations of the dependent 
and independent variables; for the indices only, the dependent variables were log-transformed. 
R2 was calculated as the performance metric for each SLR. The predictive power of more 
complex models incorporating additional variables was tested and evaluated. We tested a series 
of increasingly complex multiple linear regressions (MLR) using a combination of Landsat SR 
bands and other monitoring data (Appendix D). 
Machine-learning techniques for incorporating several combinations of SR bands, band 
ratios and indices in an MLR model have been tested on tropical rivers in Brazil (Cremon et al. 
2020; Dethier et al. 2019; Montanher et al. 2014). Following Dethier et al. (2019), we used lasso 
regression to build a model incorporating several SR variables to predict SSC. Lasso regression 
provides a method for constructing a linear model that weights the best predictors while 
downweighing or dropping others. In the lasso regression implementation in scikit-learn the 
extent to which this occurs is controlled by the regularization parameter (α). Values of α close to 
0 result in a model incorporating more terms that is potentially over-fit, whereas larger α values 
result in a model that incorporates fewer terms and is potentially under-fit. We developed a 
Python script to step through a range of α values and record the resulting parameters and the R2 
associated with the lasso regression model. The selected parameters are used to build an MLR 
and calculate the Adjusted R2, R2 CV and R2 LOSOCV with the methods described above. A 
second lasso regression analysis was then implemented in the same manner incorporating all the 
SR and monitoring variables for comparison and evaluation. 
We identified and applied the best performing model to the full dataset to evaluate the 
model residuals and coefficients. The monthly and mean annual SSC was calculated for the 
modeled SSC, and the full monitoring dataset available at each station using the resample 
function in the Python package pandas. As a metric for evaluation of the final model, Root Mean 
Squared Error (RMSE) and Relative Error (RE) were calculated for the full dataset and each 
station individually. 
 
Analysis of Sediment Impacts of Hydropower Scenarios 
 
To address the broad question motivating this work about the potential impacts of future 
hydropower development on sediment fluxes (Q3) and to evaluate H3, we use sediment flux data 
to compare the sediment trapping potential for two styles of hydropower development with 
equivalent power-generating capacity (Figure 4). Many dams have been proposed in the MRB 
(CORMAGDALENA 2013; ESEE 1979 as cited in TNC data collection, Figure 1). Databases of 
potential hydropower projects show dams at nearly every feasible location within the MRB 
(CORMAGDALENA 2013), yet full build-out is unlikely given environmental, economic, and 
social constraints. Given uncertainty about which proposed dams are most likely, and the 
demands of more detailed, site-specific modeling of cumulative dam effects on sediment 
connectivity (Schmitt et al. 2018), we instead model the cumulative effects of mainstem versus 
tributary-focused styles of hydropower development on sediment fluxes. 
The first or mainstem development scenario includes a single hydropower facility located 
near San Pablo at the downstream end of the study area. The second or tributary scenario 
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includes a combination of sites situated near tributary mouths. We identified 23 tributary systems 
that could support hydropower development from a database of planned and existing hydropower 
facilities (CORMAGDALENA 2013; ESEE 1979). The most downstream site within each 
tributary basin was selected to represent the largest degree of fragmentation possible from 
development in that basin.  
A measure of hydropower potential was calculated at each site following the example of 
hydropower energy units (E) presented by Jager et al. (2015): 
 
E = Q ∗ S	(Equation	1), 
 
where S is slope. The resulting metric of hydropower potential (E) does not consider specific 
details of individual hydropower facilities. In our implementation, valley slope (S) was 
calculated at a 1km scale from a DEM and multiplied by upstream drainage area (A) to the dam 
site: 
 
E = A ∗ S	(Equation	2). 
 
We used A as a proxy for Q because many tributaries are ungauged; within the study 
area, drainage and discharge are linearly correlated on the mainstem and across tributaries 
(Appendix C). For tributary sites, valley slope was selected from the nearest pixel to the 
proposed dams. Valley slope is poorly resolved at the downstream end of the study area because 
of low gradients. With the available ALOS PALSAR-derived DEM, the valley slope at San 
Pablo was extrapolated based on a linear regression of log-transformed drainage area and slope 
from upstream sites. 
Tributary development scenarios were generated to quantify the feasibility and potential 
impacts as compared to a single larger mainstem facility. A series of random selections was 
made without replacement to include between 1 and all the 23 potential tributary sites. Each 
selection size was repeated 1000 times to ensure that a representative sample was taken; this 
process was repeated three times. Finally, energy units for each selection were summed, and 
those within 10% of the mainstem scenario value were selected as a viable tributary development 
scenario for further analysis: 
E3456 =7E8
9
5
(Equation	3) 
E;<8= = E>?8@ABCD 	± 10%	(Equation	4), 
 
where EMainstem is the energy units at the mainstem, ETrib is the sum of energy units on tributaries 
and n is the total number of tributaries considered. 
Complete sediment trapping is assumed at each hydropower site due to the uncertainties 
in reservoir characteristics. For each scenario, a range of values for potential basin fragmentation 
and resulting downstream reductions in sediment flux was calculated. Reductions in sediment 
flux (R) were calculated as the total fragmented drainage area (AFrag) for that scenario multiplied 
by the average background denudation rate (D) for either the mainstem or tributaries: 
 
R>?8@ABCD = D>?8@ABCD ∗ AK<?L	(Equation	5) 
R;<8=NB?<8CA = D;<8=NB?<8CA ∗ ∑ 𝐴K<?L,895 	(Equation	6). 
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In this case, the mainstem scenario was used as a baseline for fragmentation and sediment 
trapping. For each of the viable tributary development scenarios, AFrag was the sum of the 
upstream area to each hydropower site included in that scenario. 
Sediment fluxes calculated from average background erosion rates were selected for the 
evaluation of hydropower scenarios. Because background rates based on 10Be cosmogenic 
nuclides integrate processes over 103 – 105 year timescales, on the one hand they are unbiased by 
shorter-term variability associated with human effects and natural disturbances; on the other 
hand they may not be representative of the modern fluxes in sites subject to hydropower 
development. We find that modern and background sediment fluxes across the study area 
increase linearly with drainage area, so scaling with drainage area is appropriate. 
 
 
 
  
Tributary Development Mainstem Development 
Figure 4: Conceptual sketch of hydropower development 
in the study area. Development scenarios we evaluated 
range from a series of tributary dams (left) to a single 
mainstem dam at the downstream end (right) with an 
equivalent electricity generation capacity. 
Downstream Sediment Flux 
Sediment Flux Trapped 
Dam Sites 
Legend 
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Results 
Background Erosion Rates 
 
Average background erosion rates in the study area are 135 ± 17 m Myr-1 on the 
mainstem (n=4) and 216 ± 38 m Myr-1 on tributaries (n=6; Table 1). The lowest background 
erosion rate within the study area, 125 ± 11 m Myr-1, is from the upstream-most mainstem 
Magdalena site, RM2 (Figure 5a). The highest rate, 279 ± 31 m Myr-1, on the Rio Saldaña 
(SAL1), is more than twice as large, indicating substantial spatial variation (Figure 5a). Average 
erosion rates are 238 m Myr-1 ± 28 for sites in the Central Cordillera and 193 ± 18 m Myr-1 for 
sites in the Eastern Cordillera (Figure 5d). Stratifying by lithology, average erosion rates in 
igneous intrusive basins are 246 ± 19 m Myr-1, and average erosion rates in primarily 
sedimentary basins are 166 ± 15 m Myr-1 (Figure 5d). Stratifying by landcover, average erosion 
rates are 179 ± 19 m Myr-1and 193 ± 19 m Myr-1 in closed forest and natural vegetation, 
respectively (Figure 5d). The distribution of slopes across the basis is shown in Figure 5b, and 
other variables that may influence erosion rates, including lithology, landcover, precipitation and 
temperature, are mapped in Appendix B. 
 
Table 1: Sample details for cosmogenic nuclide-derived erosion rates; sample locations are 
illustrated in Figure 5a.  
 
Sample* Latitude 
(°N) 
Longitude 
(°W) 
Basin 
Area 
(km²) 
Concentration 
(10Be atoms 
10³/gram Qtz) 
Erosion Rate  
(m Myr-1)**  
Mainstem Magdalena River 
RM1 5.446 -74.656 56310 42.06 ± 2.49 160 ± 13 
RM2I 3.432 -75.134 19380 50.81 ± 3.4 125 ± 11 
RM3 4.288 -74.808 45930 53.1 ± 3.21 130 ± 11 
RM7 7.388 -73.913 117720 48.3 ± 4.07 125 ± 13 
Eastern Cordillera 
LUCN-54S 6.902 -73.188 20080 57.21 ± 6.76 163 ± 21 
LUCN-56S 6.823 -73.007 9200 50.41 ± 2.12 219 ± 16 
SOG1I 6.818 -73.009 9210 55.94 ± 3.82 198 ± 18 
Central Cordillera 
RC1I 4.244 -74.99 1670 39.64 ± 3.71 222 ± 25 
SAL1I 3.935 -75.016 9720 29.42 ± 2.75 279 ± 31 
SAL2 3.663 -75.33 6180 44.16 ± 5.06 213 ± 27 
*:  See appendix A and Table A1 for pending sample locations 
**: Using Charreau et al. (2019) method. See Appendix A and Table A2 for comparison with Portenga and Bierman 
(2011) method 
S: Samples from Struth et al. (2017) 
I: Subset of independent samples. RM2: Mainstem Magdalena upstream of confluence with the Rio Cabrera; RC1: 
Rio Coello near Chicoral; SOG1: Tributary to the Rio Sogamoso near Umpala; SAL2: Rio Saldaña near town of 
Saldaña 
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Figure 5: Background erosion rates (A): 10Be cosmogenic nuclide derived erosion rates. Tributary erosion 
rates are higher than on the mainstem; (B): Slope in the study area, showing very steep slopes in the 
Central and Eastern Cordilleras and lower gradients along the mainstem valley; (C): Slope vs Erosion 
Rate; (D): Distribution of erosion rates across regions, lithologies and landcovers. 
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Controls on Background Erosion Rates 
 
Because upstream areas of the nested samples overlapped, background erosion rates were 
analyzed considering each sample independently (full dataset) and again considering the subset 
of the most downstream samples that did not overlap (independent samples). For the full dataset, 
the basin characteristic that was the strongest predictor of erosion rate was slope (R2 = .648, Adj. 
R2 = .604) (Figure 6). The basin characteristics that explained the most variability from each 
category were slope, MAT, percent cover by volcanic lithology and percent cover by open forest 
(Appendix B); an MLR model including those yields an R2 of .753 and an adjusted R2 of .556. In 
this case, the adjusted R2 is lower than a model including just slope, suggesting that additional 
factors do not add any additional utility in explaining erosion rates. For the subset of independent 
data points, the basin characteristic that was the strongest predictor of erosion rate was also slope 
(R2 = .842, Adj. R2 = .762). The strongest relationship within each category was slope, MAP, 
percent cover by volcanic lithology and percent cover by closed forest. A multiple linear 
regression including slope and percent cover by volcanic lithology, which are the best two 
predictors, yields an R2 of .854 and an adjusted R2 of .561, which is lower than a model just 
including slope, suggesting that lithology does not provide additional utility for explaining 
variance in erosion rates. 
 
 
 
 
Figure 6: Erosion rate and selected predictors. Boxed number is R2 value for a simple linear 
regression with the predictor and erosion rate. Slope is the best predictor of erosion rates. 
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Testing the hypothesis that relief and precipitation explain background erosion rates (H2), 
the performance of an MLR with those two variables was tested in comparison to SLR with 
individual variables (Table 2). For the full dataset, the addition of MAP does not improve the 
performance as compared to just relief. For the subset of independent samples, the addition of 
MAP improves the performance of the MLR.  
 
Table 2: Adjusted R2 results for relationship between relief, mean annual precipitation (MAP), 
and erosion rates, for both the full dataset and independent samples 
Variable Adj. R2 (Full) Adj. R2 (Independent) 
Relief 0.533 0.453 
MAP -0.125 -0.189 
Relief + MAP 0.531 0.997 
 
Of the basin characteristics identified as controls on erosion rates, several are correlated 
within the study area (Table 3). For the variables identified as primary controls (slope, MAT, 
MAP, % volcanic, % open forest) on erosion rates, the largest correlation coefficient is between 
variables for % open forest and MAT or MAP, while the lowest is between MAP and slope or 
MAP and % volcanic. Of the variables selected as a primary control on erosion rates, only MAT 
has a correlation coefficient with slope that is greater than 0.5. However, the correlation 
coefficient between slope and relief is 0.8 indicating that, as would be expected, these two 
variables provide similar information.  
 
Table 3: Collinearity between controls on erosion rates 
Variable Relief Slope MAT MAP %Volcanic %Open 
Forest 
Relief 1.00 - - - - - 
Slope  -0.80 1.00 - - - - 
MAT 0.85 -0.48 1.00 - - - 
MAP 0.30 0.16 0.69 1.00 - - 
%Volcanic 0.57 -0.38 0.67 0.16 1.00 - 
%Open 
Forest 
0.71 -0.30 0.93 0.71 0.65 1.00 
 
Decadal Trends in Modern Mainstem Sediment Fluxes 
 
Comparison of data aggregated from before 1985 and 2005–2015, for five mainstem 
gauging stations, show that mean annual SSC has decreased by between 28% and 84% between 
these periods (Table 4, Figure 7). Expressing these trends in terms of average mainstem 
denudation rates indicate declines of approximately 68%, from 647 ± 370 t km-2yr-1 before 1985 
to 208 ± 74 t km-2yr-1 during the 2005-2015 period. 
Analysis of the influence of the 1985 eruption of Nevado del Ruiz showed that at the 
Arrancaplumas and Puerto Salgar stations, which are the two downstream-most gauging stations 
we analyzed and are downstream of the Nevado del Ruiz sediment inputs, the mean annual SSC 
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increased by 2% and 13%, respectively, in the year following the eruption compared to a 
reference period covering the decade prior (Table 5, Figures 3 and 10). 
In 1987, approximately two years after the Nevado del Ruiz eruption, the Betania 
hydropower project was completed. In comparison to the reference period between 1975 and 
1985, SSC at Puerto Salgar declined by 31% over one year, 32% over two years, and 40% over 
ten years following completion of Betania Dam (Table 5). Over this period, SSC at Pericongo, a 
station upstream of Betania, also declined. At a station 435 km downstream of the dam, Puente 
Balseadero, SSC increased at for two years and then declined (Table 5, Figures 3 and 7). 
 
Table 4: Change in suspended sediment concentrations (SSC) between pre-1985 and 2005–2015 
for five Magdalena River gauging stations. 
Station Pre-1985 SSC 
(kg m-3)* 
2005-2015 SSC 
(kg m-3) 
% Change in 
SSC 
PericongoA 0.20 0.14 -28 
Puente BalseaderoB 0.33 0.09 -71 
NarinoC 0.40 0.15 -64 
ArrancaplumasD 1.43 0.23 -84 
Puerto SalgarE 0.65 0.32 -51 
*Average of values from 1975 to 1985 
Period of record for A: 1981-2017; B: 1973-2013; C: 1980-2018; D: 1971-2015, E: 1978-2015 
 
Table 5: Change in sediment flux following discrete events, compared to 1975 – 1985 reference 
period. 
Station % Change 
One Year 
Following 
Nevado del 
Ruiz1 
% Change 
One Year 
Following 
Betania2 
% Change 
Two Years 
Following 
Betania3 
% Change 
Ten Years 
Following 
Betania4 
PericongoA -30 -50 -19 -37 
Puente BalseaderoB 65 8 36 -23 
NarinoC 40 -7 -5 -26 
ArrancaplumasD 2 -45 -48 -66 
Puerto SalgarE 13 -31 -32 -40 
Comparisons with reference, values averaged over period from 1: 15 November 1985 to 15 November 1985; 2: 1 
January 1988 to 31 December 1988; 3: 1 January 1988 to 31 December 1989; 4: 1 January 1988 to 31 December 
1998 
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Figure 7: Time series of mean annual discharge and suspended sediment concentration on mainstem gauge 
sites. Sediment loading declines over the time series while discharge remains similar across the time 
period. Vertical lines represent the Nevado del Ruiz Eruption (13 November 1985; N) and completion of 
Betania Dam (1987; B). 
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Comparing Modern and Background Sediment Fluxes 
 
Modern denudation rates on the mainstem are, on average, higher than background 
denudation rates. Modern denudation rates range from 214 to 813 t km-2yr-1, while background 
denudation rates range from 331 to 424 t km-2yr-1. The mean background denudation rate on the 
mainstem is 358 ± 45 t km-2yr-1 (n=4), while the mean modern denudation rate is 405 ± 206 t km-
2yr-1 (n=7) (Figure 8a). Background denudation rates vary over a smaller range than modern 
denudation rates. Comparison of background and modern denudation rates on the mainstem 
show that in some cases, background values are higher than modern values (Figure 8b). For 
mainstem denudation rates, a two-tailed t-test comparing the modern and background denudation 
rates yields a p-value of .572. This indicates that the differences observed here for mainstem sites 
are not significant and our hypothesis that modern denudation rates are higher than background 
rates (H1) is not supported (Table 6). 
In tributary basins, modern denudation rates, as summarized from data in Table C1 
compiled by Latrubesse and Restrepo (2014), are higher than background denudation rates. 
Modern denudation rates range from 206 t km-2yr-1 to 3415 t km-2yr-1, while background rates 
range from 431 to 740 t km-2yr-1 (Figure 8a). The mean background denudation rate on 
tributaries is 571 ± 101 t km-2yr-1 (n=6), while the mean modern denudation rate is 852 ± 804 t 
km-2yr-1 (n=19). Background denudation rates vary over a smaller range than modern denudation 
rates. For tributary denudation rates, a two-tailed t-test comparing modern and background 
values yield a p-value of .153 (Table 6), indicating that, as for the mainstem sites, the differences 
observed here are not significant at either the commonly used significance threshold of 0.05 or at 
a relaxed threshold of 0.10. 
On the mainstem Magdalena, modern and background sediment fluxes increase roughly 
linearly with drainage area (R2 = .76, R2 = .97) along with discharge (R2 = .96) (Appendix C). 
Modern and background sediment fluxes on tributaries also increase roughly linearly with 
drainage area (R2 = .33, R2 = .85) along with discharge (R2 = .58) (Appendix C). 
 
Table 6: T-test between lumped modern and background denudation rate data 
 
Group T-Value Degrees of 
freedom 
P-Value CI 95% 
Full Dataset 1.66763 29.16567 0.106093 [-55.58 547.14] 
Mainstem 0.591512 6.930361 0.572957 [-143.99  239.8 ] 
Tributary 1.483396 19.65841 0.153825 [-114.36  675.23] 
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Remote Sensing of Suspended Sediment 
 
We tested a series of increasingly complex styles of models linking SR, monitoring 
variables and suspended sediment (Appendix E). The best performing models incorporated a 
combination of bands, band ratios and indices of sediment loading as well as variables related to 
discharge. We found a trade-off between the number of variables and performance or overfitting 
(Appendix E, Table E1, Figure E2). We evaluated the best performing model in each category 
and found that the model with the best fit overall and the highest R2 and Adjusted R2 was the 
model that incorporated the largest number of SR and monitoring variables (Table 7). The model 
that performed best in spatial and temporal extrapolation has a similar Adjusted R2 to the best 
overall model (See Appendix E and Table 7 for further information). Overall, models that 
included monitoring variables performed better in spatial and temporal extrapolation than models 
that only include SR variables. While increasingly complex models do perform better overall, the 
gains from including more variables became increasingly small. The model including B3, B4/B2, 
Discharge and Runoff (daily mean discharge normalized by drainage area) (Tables 7 and 8), 
performed the best in spatial and temporal extrapolation and was selected for further 
investigation. 
In the training dataset, SSC values range from .004 -1.84 kg m-3 (4 -1840 mg l-1). Overall 
the residuals appear to be equally distributed across the range of SSC values (Figure 9). At lower 
values of SSC, modeled SSC is overpredicted as it lies to the left of the 1:1 line of observed SSC 
A B 
Figure 8: Comparison of modern and background denudation rates: (A) lumped by either mainstem or 
tributary sites; number of sites or samples in each category is noted below; (B) plotted versus drainage 
area; error bars set to analytical uncertainty in 10Be cosmogenic nuclide measurements and a general 
value of 15% uncertainty for sediment loading observations from stream gauge stations where, 5% is 
from Q and is 10% from Qs (World Meteorological Organization 2006). Two tailed t-tests indicate that 
differences between modern and background rates are not significant. 
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values (Figure 9). However, these data points do not appear to exert leverage on the model fit, 
which is likely a result of the weighting scheme introduced above. The Root Mean Squared Error 
(RMSE) for the selected model and the full training dataset is 0.263 (kg m-3) and the Relative 
Error (RE) is ~30%.  
 
Table 7: Performance of selected remote sensing models 
Model Variables* Number of 
Variables 
R² Adj. R² R² 
LOSOCV** 
R² CV*** 
B3+B4/B2+Discharge+Runoff† 4 0.56 0.55 0.28 0.52 
B1+B2+B3+B4+B5+B6+B7+Discharge 8 0.55 0.53 0.21 0.47 
B3+Discharge 2 0.50 0.50 0.22 0.45 
B3+B5+B6+B7+B4/B3+B3/B1+B2/B1+NSMI+N
DSSI+(B4+B3)/(B2+B1)+B3/(B2+B1) 
11 0.50 0.47 0.03 0.37 
B3+B5+B6+B7+B3/B2+B4/B2+NSMI+NDSSI+(
B4+B3)/(B2+B1)+B3/(B2+B1) 
10 0.50 0.47 0.05 0.39 
B3+B7+B4/B2+NDSSI 4 0.44 0.43 0.05 0.35 
B3 1 0.35 0.35 -0.09 0.28 
*Model Variables 
Landsat 5 surface reflectance bands: B1: blue; B2: green; B3: red; B4: near infrared; B5: shortwave infrared 1; B6: 
brightness temperature; B7: shortwave infrared 2 
Discharge: Daily mean discharge  
Runoff: Daily mean discharge normalized by drainage area for each station  
NDSSI: Normalized Difference Suspended Sediment Index (Azad Hossain et al. 2006) 
NSMI: Normalized Suspended Material Index (Montalvo 2010) 
Model Performance Metrics  
** R² LOSOCV: R-squared leave one station out cross validation (measure of spatial extrapolation)  
*** R² CV: R-squared shuffle split cross validation (measure of temporal extrapolation) 
†: See Table 8 
 
Table 8: Coefficients of selected remote sensing model: B3+B4/B2+Discharge+Runoff, as 
shown in Table 7 
Coefficients Value 
Intercept -1.54355 
Log(B3) 0.835334 
Log(B4/B2) 0.30115 
Log(Discharge) 0.530736 
Log(Runoff) 0.519435 
 
An application of the developed model to the full set of training data captured some of 
the seasonal dynamics of sediment loading in the study area. The correlation coefficient of mean 
monthly monitoring-derived SSC and satellite-derived SSC time series range from .60 at Puerto 
Salgar to .81 at Puente Balseadero. At the three stations downstream of Betania Dam, the 
bimodal peaks in sediment load and discharge described in Angarita et al. (2018) and observed in 
monitoring data are seen in April and November (Figure 10). The Arrancaplumas and Puerto 
Salgar gauge sites are 43 km apart and dynamics appear to be very similar at these stations. At 
both stations, the first peak in satellite-derived SSC appears later than what is seen in the 
traditional monitoring data; however, the satellite-derived SSC value is very similar. At the 
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second peak in November, the satellite-derived SSC and monitoring SSC values are very similar 
and occur at nearly the same time. 
At Narino, the most downstream station 123 km downstream of Arrancaplumas, the 
bimodal discharge and sediment load peaks are still apparent; however, they are much less 
distinct. The first peak occurs over a longer period and has a dip in SSC while other stations 
peak. The second peak is similarly distinct as Arrancaplumas and Narino; however, in absolute 
terms, the SSC value is double that measured by traditional monitoring. 
The developed model was able to capture some of the year-to-year variation of sediment 
loading in the study area (Appendix E, Figure E3). The correlation coefficient of mean annual 
monitoring derived SSC and satellite-derived SSC time series range from .29 at Arrancaplumaas 
to .79 at Puente Balseadero. There is a large gap where few training data are available between 
2000 and 2007, corresponding to a period of relatively high discharge but relatively low 
sediment (Appendix E, Figure E2). Overall the relative error increases over time with a dramatic 
increase in error past 2001. For the full dataset, the relative error between 1984 and 2001 is 
~17% and is ~270% between 2002 and 2011. Some structure is present in the total number of 
data points with both SR and monitoring data where the number of observations spikes by a 
factor of three in 1986, 1991 and again in 1998/1999.  
Overall the seven stations included in analysis overpredict SSC as compared to the 
traditional monitoring data from IDEAM. The station with the largest absolute mean relative 
error is Puente Balseadero and the lowest is Vichecito with ~46% and ~ -1%, respectively. The 
total number of observations at Vichecito is relatively small, the station with the next smallest 
error is Arrancaplumas with ~28% error and 42 total observations (Figure 11). 
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Figure 9: Monthly values for discharge and SSC derived from monitoring and satellite data. Boxes show 
correlation coefficient of mean monthly SSC values from monitoring and satellite data. Satellite- and 
monitoring-derived SSC values often show a lag. 
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Hydropower Scenario Outcomes 
A large mainstem dam at the downstream end of the study area would disconnect 
sediment supply from an upstream area of ~117,720 km2 and trap more than 40 Mt yr-1 of 
sediment. Plans for a nearby facility on the mainstem suggest that the site could support at least 
300 MW of capacity (CORMAGDALENA 2013; ESEE 1979 as cited in TNC data collection). 
Development on a selection of large tributaries within the study area would require between 2 
and 9 hydropower sites to generate hydropower equivalent to the mainstem scenario. There is a 
wide range of impacts from individual tributary development scenarios with the impacts of some 
scenarios exceeding those of other scenarios. Tributary development would fragment between 
2790 km2 and 34000 km2 of upstream area and would trap between 1.7 Mt yr-1 and 17 Mt yr-1 of 
sediment or as much as 42% of the mainstem scenario. (Table 9, Figure 12).  
 
 
Table 9: Sediment trapping by hydropower development scenarios 
 
Number of 
Dams 
Drainage Area 
(km²) 
Sediment Trapping 
Potential (t yr-1) 
% 
Mainstem 
Sediment 
Trapping 
Mainstem Magdalena at San Pablo 1 117720 40153287 100 
Tributary Scenario (Iteration 1) 2-9 2936.0-33830.0 1779400.0-16950100.0 4-42 
Tributary Scenario (Iteration 2) 2-8 2927.0-33830.0 1774600.0-16950100.0 4-42 
Tributary Scenario (Iteration 3) 2-8 2927.0-30416.0 1774600.0-15366300.0 4-38 
Station Mean 
Error 
% 
Total 
Obs. 
Puente 
Balseadero 
45.76 51 
Narino 35.44 34 
Pericongo 31.54 20 
Puerto Salgar 27.82 42 
Arrancaplumas 14.09 37 
Vichecito -0.85 4 
Paso Del 
Colegio 
-
26.38 
3 
Figure 10: Error analysis of modeled mean annual SSC on annual basis, relative error increases with time and 
is inversely proportional to the total number of observations. (A): Mean relative error and total number of 
observations over study period; (B): Mean relative error for each station over study period 
A B 
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Discussion 
Background Erosion Rates 
 
The results of our analysis show that background erosion rates are higher on tributaries 
than on the mainstem. Our data show that tributary erosion rates are higher in the Central 
Cordillera than in the Eastern Cordillera. One sample from the Sogamoso Basin (SOG1), was 
collected from within the same river kilometer as a sample from Struth et al. (2017; LUCN-56). 
The two samples agree by ~11%. 
Our tributary sampling regime was limited in spatial extent by the number of samples that 
we could process and the number of basins with appropriate quartz-bearing lithology. Many 
portions of the study area are therefore not represented by our data. Our sampling regime was 
 
Figure 11: Tributary scenarios with equivalent hydropower capacity to a large mainstem site 
have a wide range of impacts. Individual points represent the characteristics of a single tributary 
scenario consisting of several tributary dams, colors represent three iterations of random 
selection process. Only scenarios with total energy units equal to within 10% of mainstem 
scenario are shown.  
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limited to a narrow sampling window in June and July of 2018 and January 2019. While our 
sampling regime did control for disturbance at a local scale (e.g., by avoiding sites with obvious 
nearby landslides), evaluation of the impact of such disturbances on cosmogenic nuclide 
concentrations is beyond our project’s scope.  
The average erosion rates of 135 ± 17 m Myr-1 on the mainstem and 216 ± 38 m Myr-1on 
tributaries are lower than the average value of 370 ± 60 m Myr-1 found by Wittmann et al. 
(2011b) for the Napo, Solimoes, Ucayali, Beni, Mamore-Grande Rivers in the Andean 
headwaters of the Amazon and the average value of 490 ± 120 m Myr-1 found by Wittmann et al. 
(2011a) for an adjacent study of the Napo River. Meanwhile, our results are higher than the 
average value of 56 ± 31 m Myr-1 found by Vanacker et al. (2007) for an inter-Andean basin in 
Ecuador. Mainstem erosion rates are lower than the global mean value of 218 ± 35 m Myr-1 
presented by Portenga and Bierman (2011), while tributary erosion rates are within less than one 
standard deviation. 
Our hypothesis that precipitation and relief control basin-scale background erosion rates 
is partially supported (H2). Across our full set of samples, there is a clear relationship between 
erosion rate and relief (Adj. R2 = .533); meanwhile, across the subset of independent non-
overlapping sample areas, there is a clear relationship between relief, MAP and erosion rates 
(Adj. R2 = .997, Figure 6). 
Our findings show that mean basin slope is the best predictor of erosion rates in the MRB 
(R2 = .648 full dataset, R2 = .842 independent samples). Other basin characteristics such as relief, 
basin area, climate, lithology, and landcover predict basin-scale erosion rates to a lesser extent. 
Our findings are consistent with the global finding of Portenga and Bierman (2011) that slope is 
the best predictor of erosion rates. However, our results contrast with those of Portenga and 
Bierman (2011) in that additional factors beyond slope do not provide additional utility in 
explaining erosion rates. Our results agree with the findings of Sosa-Gonzalez et al. (2016a) for 
southern and southeastern Brazil that cosmogenic nuclide-derived erosion rates are strongly 
controlled by basin-average slope and partially influenced by climate and lithology. 
 
Modern Sediment Fluxes and Erosion Rates 
 
The decline in sediment loading at the downstream end of the study area that we 
document, over the multidecade period of monitoring, is broadly consistent with the findings of 
Higgins et al. (2016) that sediment fluxes on the mainstem Magdalena have declined between 
1990 and 2010. However, this contrasts with the findings of Restrepo and Escobar (2016b) and 
Restrepo et al. (2018) that erosion rates and sediment loads, evaluated for 1980–2010,  have 
increased from pre-2000 levels. Recognizing that in the MRB, climate plays a significant role in 
driving variation in sediment dynamics, to mitigate the potential bias of unrelated climate signals 
on our results, our trend analysis has focused on mean annual SSC as a metric of sediment 
loading rather than mean annual sediment flux.  
Our estimates of modern mean annual sediment fluxes at the downstream end of the 
study area represent 30% of the downstream sediment flux at Calamar near the basin mouth 
below the Mompox depression (Higgins et al. 2016). Evidence suggests that erosion rates have 
increased despite an overall decline in observed sediment fluxes over more than two decades. 
Land-use impacts from deforestation, mining and agriculture (Restrepo et al. 2015; Restrepo and 
Escobar 2016b; Restrepo and Syvitski 2006) as well as influxes of sediment resulting from the 
 
 30 
devastating 1985 Nevado del Ruiz eruption (Pierson et al. 1990; Naranjo et al. 1986) have been 
attributed to this increase in erosion rates. 
We find an increase in sediment loading immediately following the Nevado del Ruiz 
eruption and decrease following the completion of the Betania Dam at Puerto Salgar, the most 
downstream sediment gauging station. However, our understanding of how these discrete events 
influence basin scale sediment dynamics is limited by the availability of data from before 1985 
and the short interval between them.  
The results of our analysis should be considered in light of the limited spatial extent and 
unknown quality of sediment monitoring time-series data. Existing data covers a sufficiently 
long period to support a limited analysis of process at the basin-scale, however, data from before 
the early 1980s is not available at all stations, likewise, there is limited data available after 2015. 
We find that satellite-based optical remote sensing is a promising source of information 
for characterizing basin scale sediment dynamics in the MRB. The optical remote-sensing model 
we developed can be evaluated by comparison to ground-based monitoring data. Seasonal 
dynamics seen in the data are consistent with other monitoring studies (Angarita et al., 2018; J. 
C. Restrepo et al., 2017; J. D. Restrepo & Kjerfve, 2000), where sediment loading is higher in 
the wet season and lower in the dry season. As compared to traditional monitoring data, the 
satellite-derived SSC shares roughly the same seasonal peaks in sediment loading. In general, 
SSC appears to be under-reported during the wet season, which is consistent with imagery in that 
area being frequently obscured by cloud-cover during the rainy season. Our results show that the 
developed model captures some of the interannual dynamics of sediment loading at individual 
stations within the study area (Appendix E, Figure E3). Monitoring data shows that SSC and 
discharge rise and fall on a period of several years, which is consistent with the finding that 
sediment loading in the MRB is at least partly driven by climate cycling. Satellite-derived SSC 
captures some of these dynamics; however, the limited number of observations makes visual 
interpretation of this unclear. 
Our modeling framework and results are limited by the availability of temporally 
overlapping cloud-free imagery and suspended sediment observations. Key uncertainties in our 
model framework relate to the realities of adapting existing data for new applications and 
developing a generalized modeling approach. These uncertainties include the use of depth-
integrated suspended sediment sampling, while satellite imagery only captures the near-surface 
stream characteristics. Additionally, while remote sensing and monitoring data may be available 
on the same calendar day, the period of time integrated by each data point is different. While 
monitoring data ideally record average daily values, satellite-based remote sensing provides a 
snapshot that may not represent the same period. 
 
Comparing Modern and Background Sediment Fluxes 
 
Modern and background sediment fluxes generally increase with drainage area across the 
mainstem and tributaries. In many cases, tributaries have a higher sediment load than the upper 
reaches of the mainstem with similar drainage areas (Appendix C). Here we use denudation rates 
as a metric for comparing sediment fluxes across scales. However, this approach presents a 
challenge as our primary sources of data record fundamentally different processes. Modern 
sediment flux information derived from stream gauge data represents a flux of sediment through 
the watershed, while background flux is information is inferred from upland erosion measured by 
10Be cosmogenic nuclides. 
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On the mainstem Magdalena River, modern denudation rates are, on average, 13% above 
background values. Modern denudation rates on tributaries average 49% above background 
values. Across scales, the range of values is larger for modern denudation rates than background 
rates, and this is even more pronounced for tributaries (Figure 8, Appendix C). 
Across the full dataset of denudation rates, differences between modern and background 
denudation rates approach a relaxed threshold of significance (p = 0.1). The results of a two-
tailed t-test for the full dataset yield a p-value of .106, suggesting that differences between these 
values are statistically significant (Table 6). This result contrasts with our findings for data 
including only mainstem or tributary sites where there is no significant difference between 
modern and background denudation rates.  
Comparisons of modern and background erosion rates find that in some areas, modern 
erosion rates are higher than background erosion rates (Reusser et al. 2015; Hewawasam et al. 
2003; Vanacker et al. 2007), whereas in others modern sediment fluxes are lower (Kirchner et al. 
(2001). Kirchner et al. (2001) suggest that important basin-scale erosion processes occur at 
timescales that exceed the period of record for monitoring data in some mountain environments. 
Compared to work elsewhere in the tropical Andes, we find that our calculated 
denudation rates are within the same range of published studies (Figure 13). Vanacker et al. 
(2007) and Wittmann et al. (2011b) reported that for Andean rivers, background denudation rates 
are lower than modern denudation rates. Wittmann et al. (2011b) found that modern sediment 
loads on rivers draining the tropical Andes are slightly larger than background values, rather than 
orders of magnitude larger. In an adjacent study area, Wittmann et al. (2011a) found that 
background denudation rates exceed modern denudation rates by a factor of two, which contrasts 
with other regional findings.  
 We calculate a two-tailed t-test on the data comparing modern and background 
denudation rates presented in other studies of the tropical Andes to compare the statistical power 
with our results (Figure 13). We find p-values of 0.000754, 0.278 and 0.406 for Vanacker et al. 
(2007), Wittmann et al. (2011b), Wittmann et al. (2011a), respectively. 
Differences that help contextualize our findings are the spatial and temporal scales 
included in other investigations. The period of available monitoring data we use to evaluate 
modern fluxes for the MRB (11–44 years) is longer than for some other regional studies.  
Vanacker et al. (2007) used check dam surveys representing sediment accumulation over 
approximately a decade. Wittmann et al. (2011a) used two years of stream gauge data and 
Wittmann et al. (2011b) used stream gauge data covering between two and twenty-two years. 
The basin areas considered in regional studies is highly variable, ranging from 0.1 - 276 km2 
(Vanacker et al. 2007), to 5270 - 12440 km2 (Wittmann et al. 2011a), to 1600 - 733000 km2 
(Wittmann et al. 2011b), to 460 - 117720 km2 for our sites in the Magdalena. 
This additional information suggests the possibility that measures of modern sediment 
flux presented in other tropical Andean studies may not capture a relevant period of record for 
comparison with 10Be cosmogenic nuclides. In mountain environments, erosion rate data encode 
a range of chronic and episodic processes occurring at varying spatial and temporal scales 
(Dietrich and Dunne 1978; Dietrich et al. 1982). In hot, wet or steep environments, episodic 
processes such as landslides play an outsized role in the overall sediment budget (Blodgett and 
Isacks 2007; Hovius et al. 1997, 2000). However, over increasingly large spatial and temporal 
scales, the impact of episodic events and other disturbances on the sediment balance is 
minimized with respect to more continuously occurring processes (Yanites et al. 2009). The 
scale over which this occurs in the tropical Andes is unclear as accelerated biogeochemical 
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cycles influence sediment delivery from these discrete events to the river system (Blodgett and 
Isacks 2007; Guns and Vanacker 2014, 2013). In the MRB, processes including climate cycles, 
land sliding, volcanic eruptions, deforestation, hydropower and other development impact the 
sediment balance. In our work to inform planning over a relatively long period of time, we 
attempt to maximize the spatial and temporal scale of data used to quantify sediment dynamics to 
minimize the impacts of these processes on our results.  
 
Hydropower Development Scenarios  
 
Our findings support the hypothesis that a single large dam has a greater downstream 
impact than a series of tributary dams, assuming complete sediment trapping at each site (H3). A 
single mainstem dam at the downstream end of the study area would trap approximately 28% of 
the annual sediment flux to the ocean (145± 47 Mt yr-1, Higgins et al. 2016). For all tributary 
scenarios, less than half as much sediment (ranging from 4 – 42% depending on the scenario) 
would be trapped as under the mainstem scenario (Table 9, Figure 12). 
We also found that development on tributaries could generate an equivalent amount of 
hydropower with a series of smaller dams. Data for existing and planned tributary dams suggests 
these scenarios could generate as much as 2600 MW (CORMAGDALENA 2013; ESEE 1979 as 
Figure 12: Modern and background denudation rates for the Magdalena River Basin and other 
studies of a similar scale in the tropical Andes. Data point set to mean for each category and 
error bars set to standard deviation. The range of values overlaps in all the studies included. 
Results presented here show higher (but not statistically significant) modern denudation rates 
which agree with Vanacker et al. (2007) and Wittmann et al. (2011b) and contrast with 
Wittmann et al. 2011a.  
* Wittmann et al. (20011b) references original data in Wittmann et al. (2009) 
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cited in TNC data collection). Within the range of tributary scenarios, our results show a series of 
breakpoints in the tradeoffs between the amount of energy generated and the quantity of 
sediment trapped. The development of a select group of tributary sites would have an outsized 
impact on the downstream sediment regime. Families of scenarios, including these sites, have the 
potential to trap more than twice the quantity of sediment as alternatives with similar generation 
capacities (Table 9, Figure 12).  
Our results present a framework for quantifying the impacts of a realistic range of 
hydropower development scenarios in the MRB and demonstrate that a wide range of 
hydropower development scenarios could produce similar power generation capacity but with 
varied impacts on sediment fluxes. Our findings suggest that there is room for strategic planning 
for sediment impacts of future hydropower development within the study area. Plans for 
hydropower development in the MRB often call for dams at nearly every feasible location within 
the basin (CORMAGDALENA 2013; ESEE 1979 as cited in TNC data collection, Figure 1). In 
some regions globally, such as the Columbia River in the US, hydropower has indeed been 
maximized, but dam-construction decisions also may be balanced with other environmental, 
economic, and social needs in the basin (CORMAGDALENA 2013). 
Major uncertainties in our analysis are related to limited information regarding individual 
hydropower facilities. Databases regarding potential hydropower sites ranges in dates from 1979 
to 2013, and information regarding viable dam designs and the range of associated sediment trap 
efficiencies is difficult to obtain. Our calculation of the energy unit metric (E) is limited by 
uncertainties regarding the exact site locations and site-specific conditions and constraints. We 
conservatively assume complete sediment trapping at each simulated dam site, which is partially 
supported by studies in the MRB (e.g. Mayorca Torres and Muñoz Lizarazo 2017; García 2017). 
However, the results of those studies are subject to the same limitations regarding data 
availability as described above. 
On the continuum of hydropower development models ranging from a purely conceptual 
to entirely physically-based simulations, our work falls closer to the conceptual end. In the 
broader scope of work attempting to understand the impacts of hydropower on tropical river 
systems, our simulation provides a framework for incorporating a new source of data at a scale 
relevant to hydropower and for bridging the gap of limited site-specific information. Studies of 
potential hydropower impacts elsewhere build on more detailed or complete hydropower 
information; but they may be limited in the availability of sediment information.  
Our work highlights the varied impacts of specific hydropower development scenarios on 
tropical river systems and supports the idea that hydropower development must be considered at 
a network scale to assure an environmentally sustainable outcome (Jager et al. 2015; Angarita et 
al. 2018; Wild et al. 2019; Bresney 2016; Schmitt et al. 2018). Our findings agree with Jager et 
al. (2015) that hydropower development concentrated in tributaries minimizes impacts on river 
system health as compared to development on the mainstem.  
Conclusion 
Background erosion rates varied by a factor of two across the study area and were higher 
in tributary watersheds than on the mainstem Magdalena, answering Q1. Basin average slope 
was an important predictor of erosion rate, partially confirming H2. Answering Q2, we found 
that at a broad spatial scale, modern sediment fluxes on the mainstem Magdalena River increase 
moving downstream. Over the past three decades, sediment fluxes have decreased despite the 
potential inputs from the 1985 Nevado del Ruiz eruption. Dam construction in the upper basin 
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may have contributed to this decrease, although further study is needed to evaluate effects of 
existing dams in the MRB on sediment fluxes. We found that modern sediment fluxes derived 
from monitoring data were higher than background sediment fluxes derived from 10Be 
cosmogenic nuclides, confirming H1. However, at finer spatial scales on the mainstem, this 
relationship begins to breakdown and background denudation rates are higher than modern 
values. To answer Q3, we found that development on the mainstem would trap more sediment 
than on tributaries within the study area, confirming H3. 
As compared to existing work in the MRB, this study has focused on aggregating data at 
a range of spatial and temporal scales relevant to hydropower decision making. In terms of 
spatial scale, this study has focused on the mainstem Magdalena upstream of the Mompox 
depression, which has received minimal consideration in the literature concerning sediment 
dynamics. Our work has focused on an intermediate spatial scale that spans the gap between 
existing tributary specific work (e.g. Kettner et al., 2010; J. D. Restrepo et al., 2006a) and works 
focused on the basin mouth at the Calamar gauge station (e.g. Higgins et al., 2016; J. D. Restrepo 
& Kjerfve, 2000; J. D. Restrepo et al., 2018). This study presents sediment flux data at a 
temporal scale that extends beyond the period of record available from monitoring. The 
application of 10Be cosmogenic nuclides presented here represents a contribution to the small but 
growing body of work applying this technique to tropical rivers. 
The work here presents actionable information to managers and decision-makers in the 
MRB that is valuable for basin-scale planning of hydropower development. Key messages from 
this would be (1) development on tributaries will reduce downstream sediment impacts 
compared to mainstem dams; (2) there is a wide range of potential impacts from equivalent 
hydropower development scenarios; and (3) remote sensing and 10Be cosmogenic nuclides can 
provide a pathway for data-driven decision making when long-term field-based monitoring data 
of sediment fluxes are not available. Future work to augment the results detailed here would be 
inexpensive compared to managing uncoordinated hydropower development. Specific needs 
would include expanding the footprint of cosmogenic nuclide sampling, ground-truthing the 
types of remote sensing models presented, and incorporating more advanced models for 
sediment trapping by individual hydropower facilities. 
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Appendix A: Cosmogenic Nuclide Samples 
 
10Be Cosmogenic Nuclide Sample Collection and Preparation 
 After field collection of samples, organic material was rinsed out, and samples were 
dried and packaged for shipping using facilities at La Salle University in Bogota. Samples were 
then shipped to Montana State University, where samples were dried again according to USDA 
guidelines for imported sand samples. Initial sample preparation began at the University of 
Montana and included sieving out material smaller than .125 mm and greater than 1mm. Due to 
the high concentration of magnetic minerals, samples were initially run through magnetic 
separators at the University of Montana or the University of Wyoming. At this stage, 
approximately 600g of sample material was taken for additional preparation while the remainder 
was reserved as stock. 
Further processing occurred at the University of Wyoming, where sample grain-sizes 
were homogenized using a disk mill. Quartz was then isolated using the standard procedures 
described by Kohl and Nishiizumi (1992). Quartz dissolution, elemental separation and Be 
extraction were completed following the procedures used by the Wyoming laboratory group as 
described in Callahan et al. (2019).  Additionally, one full process blank was included to correct 
for background Be. Sample targets were prepared and packed for AMS analysis at Purdue 
PRIME Lab following standard procedures. 
 
Table A1: Location of pending cosmogenic nuclide samples 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample Latitude (°N) Longitude (°W) 
LM1 5.726 -74.725 
LM3 5.394 -74.925 
RM4 2.156 -75.737 
RM6 2.035 -75.914 
RP1 2.458 -75.76 
SAM1 5.702 -74.744 
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10Be Cosmogenic Nuclide Comparison with Portenga and Bierman (2011) Method 
Erosion rate calculation methods have improved with a better understanding of 
cosmogenic nuclide production rates in source material and increasingly inexpensive computing 
power (Charreau et al. 2019). Average erosion rates calculated with the CRONUS calculator 
using the method of Portenga and Bierman (2011) are 120.0 ± 14.29 m Myr-1 on the mainstem 
and 198.67 ± 30.06 m Myr-1 on tributaries. These values are as much as 15% lower than those 
calculated with the Charreau et al. (2019) method (Table A2). This variation is likely a result of 
the method implemented by Charreau et al. (2019), which considers the per pixel variation in 
production rate across the range of latitude and elevation for the contributing area for each 
sample. 
 
Table A2: Comparison of background erosion rates calculated with Charreau et al. (2019) 
method and Portenga and Bierman (2011) methods. LUCN-54 and LUCN-56 are from Struth et 
al. (2017). 
 
 
 
 
 
 
 
 
 
 
 
Sample Latitude 
(°N) 
Longitude 
(°W) 
Basin area 
(km²) 
Concentration 
(10Be atoms 
10³/gram 
Quartz) 
Denudation 
rate (m 
Myr-1) 
Charreau et 
al. (2019) 
Method 
Denudation 
rate (m 
Myr-1) 
Portenga 
and 
Bierman 
(2011) 
Method 
% 
Difference 
Portenga 
and 
Bierman 
and 
Charreau 
Mainstem Magdalena River 
RM1 5.446 -74.656 56310 42.06 ± 2.49 160 ± 13.0 141 ± 8 -13.4 
RM2 3.432 -75.134 19380 50.81 ± 3.4 125 ± 11.0 115 ± 8 -8.6 
RM3 4.288 -74.808 45930 53.1 ± 3.21 130 ± 11.0 115 ± 7 -12.6 
RM7 7.388 -73.913 117720 48.3 ± 4.07 125 ± 13.0 109 ± 9 -14.7 
Eastern Cordillera 
LUCN-54 6.902 -73.188 20080 57.21 ± 6.76 163 ± 21.0 153 ± 18 -6.2 
LUCN-56 6.823 -73.007 9200 50.41 ± 2.12 219 ± 16.0 210 ± 9 -4.4 
SOG1 6.818 -73.009 9210 55.94 ± 3.82 198 ± 18.0 189 ± 13 -4.5 
Central Cordillera 
RC1 4.244 -74.99 1670 39.64 ± 3.71 222 ± 25.0 203 ± 19 -9.2 
SAL1 3.935 -75.016 9720 29.42 ± 2.75 279 ± 31.0 245 ± 23 -13.9 
SAL2 3.663 -75.33 6180 44.16 ± 5.06 213 ± 27.0 192 ± 22 -10.8 
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Table A3: Cosmogenic nuclide derived sediment flux and denudation rate 
 
 
 
Table A4: 10Be/9Be calculations 
 
Sam
ple 
Nam
e 
Mass 
Quart
z (g) 
Mass 
Carrier 
added 
(g) 
Carrier 
Be 
Added 
(g)* 
Atoms 
9Be 
Added 
9Be/Q
uartz 
(at/g) 
10Be/9
Be 
(x10^-
15) 
± Blan
k 
Nam
e 
Blank 
10Be/9Be 
(x10^-15) 
± Sample minus 
Blank 
(10Be/9Be 
x10^-15) 
± [10Be
]qtz 
(at/g) 
± Perc
ent 
Erro
r 
RC 1 36.57
7 
0.3233 0.00032
33 
2.1604
E+19 
5.906
3E+17 
72.578
4967 
5.66
307
958 
LFB
LK 
5.46385 2.73
208
025 
67.1146467 6.28
766
514 
3964
0.207
3 
371
3.71
023 
9.36
8543
9 
RM 
1 
47.08
7 
0.32679 0.00032
679 
2.1837
E+19 
4.637
6E+17 
96.163
7 
4.61
288
923 
LFB
LK 
5.46385 2.73
208
025 
90.69985 5.36
125
074 
4206
2.520
4 
248
6.30
752 
5.91
0980
83 
RM 
2 
38.21
8 
0.3235 0.00032
35 
2.1617
E+19 
5.656
2E+17 
95.300
3 
5.36
023 
LFB
LK 
5.46385 2.73
208
025 
89.83645 6.01
633
843 
5081
3.592
2 
340
2.98
139 
6.69
6990
4 
RM 
3 
54.07
4 
0.32161 0.00032
161 
2.1491
E+19 
3.974
3E+17 
139.07
8 
7.59
121
982 
LFB
LK 
5.46385 2.73
208
025 
133.61415 8.06
789
197 
5310
2.441
3 
320
6.43
255 
6.03
8201
77 
RM 
7 
76.80
2 
0.321 0.00032
1 
2.145E
+19 
2.792
9E+17 
178.41
7986 
14.3
157
986 
LFB
LK 
5.46385 2.73
208
025 
172.954136 14.5
741
673 
4830
4.149
6 
407
0.40
14 
8.42
6608
13 
SAL 
1 
48.71
8 
0.32496 0.00032
496 
2.1715
E+19 
4.457
2E+17 
71.473
8059 
5.54
422 
LFB
LK 
5.46385 2.73
208
025 
66.0099559 6.18
082
825 
2942
1.911
5 
275
4.91
446 
9.36
3478
84 
SAL 
2 
40.21
3 
0.37853 0.00037
853 
2.5294
E+19 
6.290
1E+17 
75.666
6091 
7.56
869
991 
LFB
LK 
5.46385 2.73
208
025 
70.2027591 8.04
670
621 
4415
7.959
7 
506
1.42
683 
11.4
6209
4 
SOG 
1 
31.72
2 
0.32424 0.00032
424 
2.1666
E+19 
6.830
1E+17 
87.361
5945 
4.87
471
009 
LFB
LK 
5.46385 2.73
208
025 
81.8977445 5.58
811
784 
5593
6.972
7 
381
6.73
997 
6.82
3286
61 
*Be Carrier Density (g/mL) 
 
 
 
 
 
 
 
 
 
 
 
Sample Mean Annual Sediment 
Flux (t yr-1) 
Denudation Rate  
(t km-2yr-1) 
LUCN-54 8649185 430.7363 
LUCN-56 5345022 580.9807 
RC1 981336.9 587.6269 
RM1 23853654 423.6131 
RM2 6415208 331.0221 
RM3 15764462 343.228 
SAL1 7188079 739.5143 
SAL2 3484452 563.8273 
SOG1 4821724 523.5314 
RM7 39005357 331.3401 
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Table A5: Raw AMS data from PRIME Lab 
 
Name 10Be/9Be    
(10-15) 
Uncertainty 
(10-15) 
% 
Uncertainty 
Max 9Be 
Current 
(nanoAmps) 
Min 9Be 
Current 
(nanoAmps) 
Avg. 9Be 
Current 
(nanoAmps) 
Fraction 
of 
Standard 
Current 
Total 10Be 
counts 
PRIME 
Lab ID 
Cathode 
Holder 
Number 
LFBLK 5.46 2.73 50.0 2051 207 878 0.104 4 201902346 147960 
RC 1 72.58 5.66 7.8 5311 336 1961 0.232 165 201902343 147957 
RM 1 96.16 4.61 4.8 6602 935 3821 0.452 440 201902347 147961 
RM 2 95.30 5.36 5.6 4696 938 2444 0.289 319 201902348 147962 
RM 3 139.08 7.59 5.5 5840 804 2699 0.319 395 201902345 147959 
RM 7 178.42 14.32 8.0 2882 295 1273 0.151 156 201902342 147956 
SAL 1 71.47 5.54 7.8 2598 593 1489 0.176 167 201902340 147954 
SAL 2 75.67 7.57 10.0 3355 428 1519 0.180 120 201902344 147958 
SOG 1 87.36 4.87 5.6 6008 984 3682 0.435 324 201902341 147955 
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Appendix B: Basin Characteristics for Cosmogenic Nuclide Sampled Basins 
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Figure B1: (A): Lithology; (B): Landcover; (C): Mean Annual Temperature; (D): 
Mean Annual Precipitation 
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Appendix C: Discharge and Sediment Flux Data from Monitoring  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A 
B 
Figure C1: Scaling discharge and sediment flux with drainage area on the mainstem and tributaries; (A): 
Mean Annual Discharge and Mean annual Sediment Flux versus Drainage Area on the mainstem; (B): 
Mean Annual Sediment Flux and Mean Annual Sediment Flux versus Drainage Area on the tributaries 
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Table C1: Tributary monitoring data for tributaries to the Magdalena River, from Latrubesse and 
Restrepo (2014) 
 
River Basin area 
(km²) 
Discharge 
(m³ s-1) 
Sediment Load  
(Mt yr-1) 
Mean Annual 
Sediment Flux  
(t yr-1) 
Denudation Rate  
(t km-2yr-1) 
Suaza 1010 44.4 0.6 600000 562 
Páez 4760 180.7 2.9 2900000 607 
Cabrera 2710 69.8 1.9 1900000 682 
Sumapaz 2430 41.2 0.5 500000 206 
Bogotá 5410 38.1 1.3 1300000 244 
Coello 1040 41.2 1.6 1600000 1575 
Recio 640 19 0.2 200000 249 
Gualí 460 22.2 0.2 200000 415 
Guarino 840 31.7 0.5 500000 536 
La Miel 2360 244.2 2.7 2700000 1126 
Negro 4580 136.4 8 8000000 1742 
Cocorna 790 57.1 0.6 600000 747 
Samana 1710 180.7 0.9 900000 543 
Nare 5560 396.4 2.6 2600000 465 
Carare 4900 263.2 16.8 16800000 3415 
Opón 1750 88.8 3.4 3400000 1912 
Suárez 9780 301.2 3.4 3400000 349 
Fonce 2080 85.6 0.6 600000 274 
Sogamoso 21210 434.4 11.2 11200000 529 
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Table C2: Mainstem Magdalena River discharge data, collected by IDEAM 
(dhime.ideam.gov.co). Station locations are shown in Figure 3. 
 
Station Name Station 
Code 
Start Date End Date Record 
Length 
Number of 
Observations 
Basin area 
(km²) 
Mean 
Annual 
Discharge 
(km³ yr-1) 
Cascada Simon 
Bolivar 
21017030 1971-04-03 2019-09-18 48 13463 1110 2515.223 
La Magdalena 21017060 1991-09-01 2019-11-30 28 10147 546 1546.325 
Pericongo 21027010 1980-06-01 2019-11-30 39 14424 3527 4937.795 
Puente 
Balseadero 
21047010 1972-01-01 2014-12-31 42 15667 5586 6867.261 
Paso Del 
Colegio 
21077020 1998-01-01 2019-08-31 21 5429 11825 13850.01 
Vichecito 21077030 1985-01-01 2008-11-20 23 3870 11869 19966.64 
Puente 
Santander 
21097070 1948-07-02 2019-12-31 71 21821 15050 15348.01 
La Esperanza 21097120 1994-01-01 2019-12-31 25 8726 13121 12685.22 
Purificacion 21137010 1962-05-01 2018-12-31 56 20528 25379 24171.69 
Rio Angostura 21137050 1975-01-01 2019-12-31 44 15920 22168 19514.44 
Narino 21237010 1978-01-01 2019-12-31 41 15312 47930 35889.32 
Arrancaplumas 21237020 1934-01-01 2014-12-31 80 27855 54203 41441.47 
Girardot 2 21237030 1961-02-01 1978-12-28 17 6466 45418 38079.82 
Puerto Salgar 23037010 1937-01-01 2016-05-17 79 25037 56360 49614.03 
Puerto Berrio 23097030 1936-01-01 2019-12-31 83 30434 74461 75266.96 
Penas Blancas 23097040 1975-01-19 2019-12-31 44 12754 72365 87527.49 
Maldonado 23157080 1979-04-01 2001-12-31 22 6917 91054 85082.7 
San Pablo Rio 
Magdalena 
23207040 1977-07-01 1995-12-31 18 5432 117772 109078.1 
 
Table C3: Mainstem Magdalena River sediment flux data, collected by IDEAM 
(dhime.ideam.gov.co). Station locations are shown in Figure 3. 
 
Station Name Start 
Date 
End 
Date 
Number of 
Observations 
Basin 
area 
(km²) 
Mean 
Annual 
Discharge 
(km³ yr-1) 
Mean Annual 
Sediment 
Flux (t yr-1) 
Denudation 
Rate  
(t km-2yr-1) 
Pericongo 1981-
01-01 
2017-
12-31 
10974 3527 4573 914544 259.298 
Puente 
Balseadero 
1973-
01-28 
2013-
07-30 
11892 5586 6528 2144448 383.8969 
Arrancaplumas 1971-
10-26 
2015-
08-31 
10101 54203 38411 28319328 522.4679 
Vichecito 1987-
10-01 
2009-
06-18 
2126 11869 22170 9650016 813.0437 
Paso Del Colegio 2000-
01-01 
2011-
03-31 
2437 11825 12299 3405888 288.0244 
Puerto Salgar 1978-
07-01 
2015-
06-30 
8556 56360 43677 20056896 355.8711 
Narino 1980-
01-01 
2018-
07-31 
9720 47930 35667 10249200 213.8368 
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Appendix D: Remote Sensing Model Development 
 
Variable Selection for Remote Sensing Models 
 
Preliminary analysis in the MRB has shown that the types of SLR models presented 
elsewhere do not provide a level of predictive power that is appropriate for additional analysis. 
Our model selection process shows a need to select a combination of parameters calibrated to the 
study area. Additionally, we show that a combination of remote sensing and monitoring provides 
a framework that balances utility and complexity. The addition of monitoring variables deviates 
from past work in this space and limits application to regions with an existing monitoring 
network. Despite difficult geographic conditions, the Colombian monitoring network for 
discharge appears to be robust; however, discharge data is available at many more sites than 
sediment data. We view the addition of monitoring variables as an improvement over existing 
model frameworks given the availability of time series stream gauge data in our study area. 
Along with SR variables, other variables related to discharge and seasonality were 
included for calibration of optical sediment gauging (cf. Holtschlag 2001; Rasmussen et al. 
2009) These factors included daily discharge, discharge normalized by drainage area for each 
station and the Euler approximation of discharge and runoff as well as monthly values of 
Southern Oscillation Index (SOI) and Pacific Decadal Oscillation (PDO). Runoff was calculated 
as daily mean discharge normalized by drainage area for each station. Following Holtschlag 
(2000), the Euler approximation or the daily rate of change for discharge or runoff was 
calculated as Uk = (Uk -Uk-1)/(tk-tk-1) where tk and Uk are the time and discharge or runoff 
indexed by a date index k respectively. Linkages between SOI, PDO and sediment loads have 
been suggested by Restrepo and Kjerfve (Restrepo and Kjerfve 2000). These variables were 
included in a series of MLR calculated using the Linear Regression function in scikit-learn and 
the adjusted R2 was calculated to test the additional predictive power of the new predictors 
(Table E1). The weighting scheme and transformations described above were used. Of the new 
variables, discharge and runoff were log-transformed while the Euler approximations of runoff 
and discharge as well as SOI, PDO were not log-transformed. 
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Figure D1: Remote Sensing Sites; (A-B): Location of IDEAM gauge sites used for calibration data and 
location of existing hydropower sites on the mainstem Magdalena River. (C): Example of filtered Landsat 
data used in analysis. Higher resolution background image from Google Earth is included for context 
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Appendix E: Remote Sensing Model Evaluation 
 
Single SR Variable Models 
The order of visible color coefficients is B3>B2>B1, which suggests that the water is 
more green and red than blue, which is broadly consistent with the brown colored water seen in 
the field. In general, B1 through B4 perform better than ratios or indices that contain those 
bands. Out of the individual bands, B3 and B4 perform the best and explain the most variation in 
SSC. B2 and B1 explain a smaller amount of variation than B3 or B4, while B5, B6 and B7 
explain very little variation. Out of the ratios and indices tested B4/B2, NDSSI and 
(B4+B3)/(B2+B1) perform almost as well as B2 and the remaining ratios and indices explain 
much less variability. 
To quantify the impacts of additional variables in the regression, the mean R2 for 
individual SR variables and the Adjusted R2 for combinations of SR and monitoring variables 
was calculated for comparison. In this case, Adjusted R2 will only increase if additional variables 
improve the overall fit. In general, the addition of daily discharge or runoff data improves the 
results of the regression as evidenced by the larger mean Adjusted R2. However, discharge 
improves the fit much more than runoff. Meanwhile, the addition of Euler Discharge results in a 
mean Adjusted R2 that is the same as the mean R2 for just band values suggesting that it does 
improve the fit. The addition of other factors such as SOI, PDO and Euler Runoff negatively 
impact the mean Adjusted R2 values. 
 
 
 
 
Figure E1: Individual Landsat bands and discharge plotted vs SSC 
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Table E1: R2 and coefficients for each SR variable and Adjusted R2 for combination of SR and 
monitoring variables 
 
R² Coef
ficie
nt 
R² 
Adj. 
Disch
arge 
R² Adj. 
Runoff 
R² 
Adj. 
SOI 
R² Adj. 
PDO 
R² Adj. 
Euler 
Discharg
e 
R² Adj. Euler 
Runoff 
Citatio
n 
B3 (Red) 0.35 2.02 0.5 0.39 0.35 0.35 0.36 0.35 - 
B4 (Near 
Infrared) 
0.32 1.44 0.49 0.37 0.32 0.31 0.33 0.33 - 
B2 
(Green) 
0.26 1.78 0.47 0.35 0.25 0.25 0.27 0.26 - 
B4/B2 0.24 3.02 0.48 0.25 0.23 0.23 0.24 0.23 - 
(B1-
B4)/(B1+
B4) 
(NDSSI) 
0.2 -
2.19 
0.19 0.19 0.19 0.2 0.19 0.19 Azad 
Hossai
n et al. 
(2006) 
(B4+B3)/
(B2+B1) 
0.2 1.15 0.2 0.2 0.2 0.2 0.2 0.2 Monta
nher et 
al. 
(2014) 
B1 
(Blue) 
0.15 1.1 0.46 0.26 0.15 0.14 0.17 0.15 - 
B3/B2 0.12 3.93 0.49 0.12 0.11 0.12 0.11 0.12 - 
B4/B3 0.09 1.86 0.45 0.16 0.08 0.08 0.09 0.08 - 
B3/(B2+
B1) 
0.06 1.33 0.06 0.07 0.06 0.06 0.06 0.06 Monta
nher et 
al. 
(2014) 
B6 
(Brightn
ess 
Tempera
ture) 
0.03 -
18.1
8 
0.45 0.07 0.02 0.02 0.03 0.02 - 
B3/B1 0.03 0.91 0.46 0.06 0.02 0.03 0.03 0.03 - 
(B3+B2-
B1)/(B3+
B2+B1) 
(NSMI) 
0.01 0.84 0.01 0.04 0 0.01 0.01 0.01 Montal
vo 
(2010) 
B5 
(Shortwa
ve 
Infrared 
1) 
0 0.13 0.45 0.06 -0.01 -0.01 0 -0.01 - 
B7 
(Shortwa
ve 
Infrared 
2) 
0 -
0.07 
0.45 0.06 -0.01 -0.01 0 -0.01 - 
B2/B1 0 0.35 0.45 0.06 -0.01 -0.01 0 -0.01 - 
Mean 0.13 -
0.04 
0.38 0.17 0.12 0.12 0.13 0.12 - 
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Multiple SR Variable Models 
The combination of SR variables in an MLR framework improves the utility of using SR 
to predict SSC. MLR with an increasing number of SR parameters improves the predictive 
power; however, beyond a critical point, no additional improvements are made, and overfitting 
occurs (Figure G2a). The model that performs the best overall has an adjusted R2 of ~.47, an R2 
of ~0.5 and 11 SR parameters. This model includes log transformations of B3, B5, B6, B7, 
B4/B3, B3/B2, B3/B1 as well as NSMI, NDSSI, (B4+B3)/(B2+B1) and B3/(B2+B1). The model 
combining only SR factors with the best overall spatial extrapolation has an R2 LOSOCV of 
~.05, an R2 of ~.44, an Adjusted R2 of .43. This model has four predictors, including log-
transformed B3, B7, B4/B2 and NDSSI. The model with the best temporal extrapolation has an 
R2 CV of ~.41 and an R2 of ~.50, an adjusted R2 of ~.47 and includes all the same factors as the 
best overall model. 
 
SR and Monitoring Variable Models 
The combination of SR, along with other monitoring variables in an MLR, greatly 
improves the model’s predictive power. Only some monitoring variables improve the model, so 
only the variables that improve the model were included (Table 7 in main text). Like the SR only 
lasso analysis, a model with an increasing number of variables improves the predictive power; 
however, beyond a critical point, no additional improvements are made, and overfitting occurs 
(Figure G2b). 
The model that performs the best overall has an R2 of ~0.58, an adjusted R2 of ~.56 and 
has 11 different parameters. The parameters included are log transformations of B3, B6, B7, 
B3/B2, B4/B2, NSMI, NDSSI, B3/(B2+B1), and Euler Discharge and log-transformed Discharge 
and Runoff. Meanwhile, the model with the best overall spatial extrapolation has an R2 
LOSOCV of ~.28, an R2 of ~.56, an adjusted R2 of ~.55. This model has four predictors B3, 
B4/B2 and log-transformed runoff and discharge. The model with the best overall temporal 
extrapolation has an R2 CV of ~.53, an R2 of ~.56, an Adjusted R2 of ~.55 and the same 
predictors as the model with the best spatial extrapolation. 
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B 
A 
Figure E2: Tradeoffs in model complexity. Lasso regularization parameter (α) vs R2 and Adjusted 
R2 and total number of variables for models. (A): SR only models; (B): Combined SR and 
monitoring variables 
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Figure E3: Mean annual values for discharge and SSC derived from monitoring and satellite 
data. Note the lag between satellite derived values and monitoring derived values 
 
